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'^Limiting  sea  state  condition  for  the  globular  dispersion  of  oil  slicks  on 
the  ocean  have  been  obtained  from  simple  considerations.  Models  have  been 
derived  for  determining  the  conditions  under  which  breaking  waves  will  dis- 
perse an  oil  slick.  Two  types  of  dispersions  are  considered,  viz.,  surface 
dispersion  and  globular  dispersion  within  the  water  column,  with  emphasis  on 
the  latter  type  of  dlsperslom^ 

‘^^he  results  indicate  that  a 3 m algnlficant  wave  height  sea  state  will 
tdnd  to  Initiate  globular  dispersion  and  that  breaking  waves  of  large  crest 
lengths  are  essential  for  a surface  dispersion  to  take  place.  The  depth  of 
penetration  of  globules  of  oil  formed  under  breaking  waves  Is  calculated  to 
be  relativaly  shallow.^ 

,^ffhe 'liTrge  number  or  assumptions  made  and  their  effects  on  the  results  are 
discussed.  Several  of  the  unknown  physical  parameters  of  Importance  are 
Identified  and  recommendations  have  been  made  for  experimental  determination 
of  some  of  these  paremeters.  ^ 
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CHAPTER  1 


INTRODUCTION 


1.1  Background 

In  1967,  the  Torrey  Canyon  disaster  focused  the  world's  attention 
on  the  problem  of  large-scale  oil  pollution  and  alerted  the  public  to 
the  chronic  oil  spill  problem  plaguing  the  world.  Subsequent  major 
oil  spills  on  the  ocean  and  on  Inland  waters  have  further  raised  the 
level  of  public  concern.  The  growing  appetite  of  the  world  for  petro- 
leum and  the  economics  of  ocean  transportation  of  crude  oil  In  very 
large  crude  carriers  (VLCC)  portend  the  occurrence  of  spills  which  will 
be  several  times  larger  than  the  Torrey  Canyon  spill,  with  their 
disastrous  ecological  and  economic  consequences.  Accidental  spills 
caused  by  damage  to  oil  tankers  are  3ne  of  the  major  polluting 
sources.  The  quantities  of  oil  discharged  Intentionally  by  tankers, 
either  In  lightening  It  In  an  emergency  or  In  routine  ballasting  and 
ta-ik-cleanlng  operations,  are  by  no  means  Inconsiderable,  though  the 
discharges  are  not  so  dramatic  or  In  as  large  a quantity  as  in  a severe 
ac:ldent.  Very  little  Information  Is  currently  available  on  what 
happens  to  the  oil  spilled  on  the  oceans.  The  effect  of  spills 
occurring  near  shore  has  been  to  pollute  the  coastal  areas  and  beaches. 
Evrai  in  these  cases  It  Is  not  certain  how  much  of  the  oil  is  washed 
ashore,  evaporates  or  remains  In  suspension.  Therefore,  there  exists 
an  urgent  need  to  understan  , ‘^he  behavior  of  oil  and  Its  ultimate 
fate  whan  spilled  on  the  hltji  seas. 
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In  order  to  neet  the  growing  demands  for  energy  and  petroleum 
products,  the  United  States  will  be  Importing  ever  Increasing  quantities 
of  crude  oil,  at  least  for  the  next  two  decades.  Large  off-shore 
terminals  called  "deepwater  ports"  are  to  be  built  25  to  50  miles  off 
the  coasts;  they  are  Intended  to  accommodate  ships  of  the  VLCC  class 
(these  need  water  depths  of  over  90  feet,  but  no  port  within  the  United 
States  has  adequate  water  depths  to  berth  these  vessels).  Applications 
have  already  been  filed  by  two  consortia  to  build  two  deepwater  ports, 
one  off  the  Texas  coast  and  the  other  off  Louisiana.  The  National 
Climatic  Center  predicts  that  within  the  general  area  of  these  ports, 
the  seas  will  be  greater  than  five  feet  for  33Z  of  the  fall  and  winter 
seasons  and  greater  than  eight  feet  for  lOZ  of  these  seasons.  Very 
high  sea  states  with  waves  of  30  feet  have  also  been  observed  during 
storms.  Due  to  the  high  cost  associated  with  the  closing  of  these 
ports,  considerable  Incentive  exists  to  continue  to  transfer  the  oil 
from  the  ship  to  the  receiving  terminal  even  In  bad  weather.  However, 
the  probability  of  a spill  Is  higher  under  adverse  weather 
conditions.  The  Deepwater  Port  Act  of  1974  (PL  93-627)  has  recognized 
this  aspect  and  has  stipulated  the  use  of  the  best  technology  available 
to  protect  the  marine  and  coastal  environments  from  oil  spills. 

Under  the  Deepwater  Port  Act  of.  1974,  the  United  States  Coast 
Gujtrd  (USCG)  Is  responsible  for  the  regulation  of  the  deepwater  ports. 
Their  involvement  In  the  development  and  regulation  of  these  ports  will 
include  oil  transfer  systems,  structures,  casualty  response  systems, 
na/lgatlon.  Inspection,  and  other  areas.  One  of  the  prime  consider- 
ations given  by  the  Coast  Guard  In  this  regard  Is  the  study  of  spill- 
re  .ponse  technology  applicable  to  rough  sea  conditions.  The  Coast 
Guard  Is  conducting  and  supporting  research  efforts  in  this  area. 

The  Coast  Guard  has  recognized  that  before  a new  technology  can  be 
developed,  several  complementary  efforts  have  to  be  conducted.  One  such 
effort  Is  the  Identification  of  the  sea-wave  threshold  limit  beyond 
which  containment  and  recovery  of  oil  are  impractical  due  to  the 
dispersion  of  oil  slicks.  At  present  there  is  no  comprehensive  theory 
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describing  the  break-up  of  uncontained  oil  slicks  in  severe  see  states. 
The  Coast  Guard  has  enbarked  on  a research  program  to  obtain  a better 
tnderatandlng  of  the  interaction  between  the  sea  and  weather  conditions 
and  the  spilled  oil.  The  principal  purpose  of  the  research  program  is 
to  make  possible  the  prediction  of  the  ultimate  fate  of  the  spilled  oil 
and  its  dispersion. 

In  pursuit  of  the  goals  of  the  above  research  program,  Arthur  D. 
Little,  Inc.  was  awarded  a contract  in  March  1976  (DOT-CG-61,SOS-A) 
to  perform  a "Theoretical  Study  on  the  Dispersion  of  Oil  Slicks  Under 
Severe  Sea  and  Weather  Conditions".  The  study  forms  the  first  step 
in  a larger  overall  effort  undertaken  by  the  Coast  Guard.  Related 
experiments  in  the  laboratory  and  at  sea  will  be  performed  as  separate 
efforts.  These  may  be  followed  by  an  additional  theoretical  study  which 
will  take  advantage  of  the  knowledge  and  expertise  gained  in  the 
previous  studies  and  attempt  to  develop  a predictive  model  for 
determining  the  behavior  of  an  oil  slick  6n  the  sea. 

1.2  Objective 

The  objective  of  the  study  undertaken  by  Arthur  D.  Little,  Inc., 
was  to  develop  theoretical  and  physical  models  to  describe  the  dispersion 
of  an  oil  slick  subjected  to  waves  on  the  open  ocean.  Such  a study 
would  aid  the  design  of  experiments  to  study  the  oil  dispersion 
problem  and  delineate  the  important  phenomena  and  parameters  to  be 
studied  in  the  experiments. 

The  objective  of  the  program  did  not  include  the  determination 
of  the  effectiveness  of  the  existing  oil  cleanup  technology  In  open, 
rc.igh  sea  conditions  nor  did  it  Include  the  determination  of  the  limit 
up  to  which  the  currently  available  splll-flghtlng  equipment  could  be 
used  in  the  sea. 


1-3 


1.3  Scope  of  Work 


In  order  to  achieve  the  above  objective,  the  project  work  was 
divided  into  five  aajor  tasks. 

a Background  study  and  literature  search; 

a Determination  of  important  factors,  parameters  and  unknown 
phenomena ; 

a Estimation  of  the  limiting  sea  state  for  incipient  dispersion, 
using  order  of  magnitude  analysis  and  fundamental  principles; 

a Development  of  analytical  models;  and 

a Identification  of  minimum  number  of  measurements  and 
observations  to  define  the  state  of  the  sea. 

In  Chapter  2 of  this  report,  the  literature  pertaining  to  the 
problem  of  oil  on  the  ocean  In  general  is  reviewed.  The  review  includes 
briefly  the  literature  on  the  interaction  between  the  wind  and  the 
ocean  and  the  characterization  of  the  sea  by  the  energy  density  spectrum. 
What  little  information  exists  on  the  upper  ocean  turbulence  and  on 
breaking  waves  is  also  discussed.  The  scant  information  available 
to  quantify  the  effect  of  the  presence  of  oil  on  wave  dynamics  is 
also  Indicated.  The  data  available  on  the  variation  of  the  oil 
properties  during  its  weathering  on  the  ocean  are  also  reviewed. 

In  a subsequent  section  of  Chapter  2,  the  important  physical 
parameters  and  factors  thst  affect  oil  dispersion  sre  analyzed  and  in 
many  cases,  their  range  of  values,  or  uncertainties  in  the  values,  are 
identified.  The  affects  of  the  uncertsintles  on  the  predictive 
capability  of  the  models  given  in  the  literature  are  also  discussed, 
the  parameters  reviewed  include  the  ocean  breaking  wave  characteristics, 
the  parameters  in  the  definition  of  wave  spectra,  the  turbulence 
parameters  snd  ocean  current  effects.  Also  a brief  review  is  made  of 
oil  globular  dispersion  models  published  in  the  literature. 

The  determination  of  the  limiting  sea  state  for  the  incipient 
dispersion  by  order  of  magnitude  calculations  is  presented  in  Chapter  3. 
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In  the  Initial  part  of  this  chapter,  overall  escloacea  are  made 
of  the  cnergjr  budget  of  varloua  phyaical  phenomena  occurring  In  the 
ocean.  Also  the  basic  calculations  have  been  performed  to  obtain 
the  surface  energy  and  gravitational  energy  required  to  sink  oil 
globules  Into  %nter.  A thermodynamic  stability  approach  Is  considered 
for  obtaining  limiting  conditions  for  oll-sllck  breakup.  A slick- 
breakup  criterion  has  been  obtained,  but  It  has  not  been  possible  to 
relate  this  to  a sea  state  because  of  the  lack  of  some  important  oil 
property  data.  The  minimus  sea  state  for  dispersion  Is  predicted  using 
the  spectral  description  of  a fully  developed  sea.  In  this  calculation 
the  relationship  between  water  particle  velocities  and  their  effect 
on  the  turbulence  phenomena  in  the  upper  ocean  have  been  assumed.  This 
calculation  has  been  made  after  deriving  a criterion  for  the  globulatlon 
of  oil  from  the  slick  due  to  the  turbulent  pressure  fluctuations  in  the 
upper  ocean.  Estlautes  have  also  been  made  for  the  turbulent  intensity 
generated  In  the  sea  due  to  wind  above  water.  The  sea-state  limits 
predicted  and  their  sensitivity  to  assumptions  in  the  values  of  both 
the  environmental  parameters  and  oil  properties  are  discussed.  However, 
In  making  these  calculations  the  "oil"  is  considered  to  be  a single 
component  fluid  with  non-varying  properties.  It  Is  recognized  that 
the  oil  properties  may  vary  due  to  differential  evaporation  and 
diisolutlon  of  the  slick,  temperature  gradients  In  water,  and  other 
factors.  Such  fine  details  are  not  Included  In  the  overall  estimates 
made  In  Chapter  3.  Similarly,  the  possibility  that  the  characteristics 
of  the  upper  ocean  turbulence  underneath  an  oil  slick  may  be 
significantly  altered  by  the  presence  of  the  oil  slick  has  not  been 
taken  Into  account. 

A large  part  of  the  theoretical  work  performed  In  this  project 
Is  developed  in  Chapter  A.  Calculations  show  that  oil  slicks  will 
not  be  affected  by  simple  swell  waves.  The  possibility  that  wind 
generated  Langmuir  circulations  may  herd  oil  Into  windrows  and 
thus  fracture  the  slick  has  been  considered  and  modeled. 
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Th«  emphasis  of  the  models  In  Chapter  4 has  been  on  the  effect 
of  breaking  waves  on  the  dispersion  of  oil  slicks.  Two  types  of  oil 
dispersions  have  been  considered.  These  are  surface  dispersion 
and  globular  dispersion  Into  the  water  column.  Surface  dispersion 
is  assumed  to  result  when  a large  oil  slick  Is  broken  up  into  smaller 
puddles  ("sllcklets")  by  a train  of  breaking  waves.  A stochastic 
model  is  developed  which  gives  a time  for  Initiating  a slick  fracture 
by  breaking  waves.  The  dependence  of  this  time  on  various  wave 
parameters  and  slick  size  Is  explicitly  given.  This  model  may  be 
appropriate  for  the  dispersion  (by  breaking  waves  on  a shoal)  of  a 
large  oil  slick  caused  by  the  Instantaneous  release  of  a larg^  quantity 
of  oil.  No  attempt  has  been  made  In  this  particular  model  to  Investi- 
gate the  effects  of  variation  In  oil  properties  on  sllcklet  dispersion. 

The  globular  dispersion  Is  also  modeled  as  being  caused  by  breaking 
waves.  The  turbulence  associated  with  the  breaking  action  Is  assumed 
to  be  sufficiently  strong  to  tear  the  oil  slick  Into  globules  and 
drive  them  under  water.  To  characterize  this  phenomenon,  models 
have  been  developed  to  obtain,  for  a given  sea  state,  the  probability 
of  occurrence  of  breaking  waves  In  a given  region,  their  average 
energy  loss,  the  maximum  depth  of  penetration  of  oil  globules  into 
water,  the  characterization  of  uppei:  ocean  turbulence  generated  under 
the  breaking  wave,  and  the  distribution  of  oil  globules  subjected 
to  turbulence.  Also  considered  Is  the  effect  of  Langmuir  circulations 
on  globules  of  oil. 

A schematic  view  of  the  phenomena  considered  and  the  models 
developed  Is  shown  In  Figure  1.1.  The  path  Indicating  "macro-turbulence" 
has  not  been  discussed  because  of  the  lack  of  Information  on 
the  sizes  of  turbulent  eddies  and  the  turbulent  energy  density  spectrum 
In  the  upper  ocean.  Similarly,  the  dispersion  of  oil  globules  under 
a steady-state  turbulence  condition  has  not  bean  considered  because 
of  the  availability  of  this  model  In  the  literature. 
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In  developing  the  models  for  the  globular  dispersion,  the  oil 
globule  diameter  Is  used  as  a known  parameter.  No  model  has  been  de- 
veloped to  charecterlze  the  distribution  of  oil  drop  sizes  formed  when  an 
oil  ellck  Is  subjected  to  breaking  waves.  These  date  can  be  obtained 
only  by  experiments.  The  globule  size  distribution  Is  likely  to  be 
a strong  function  of  wave  characteristics  and  the  type  of  oil. 

In  Chapter  5,  the  parameters  used  in  the  definition  of  sea  state 
(considered  In  the  models  In  Chapter  4)  are  Identified  and  discussion 
provided  on  the  types  of  measurements  to  be  made.  The  Joint  North  Sea 
Vave  Project  (JONSUAP)  spectral  description  of  the  sea  state  Is 
considered  In  detail.  The  minimum  number,  type  and  duration  of  measure- 
ments that  are  necessary  to  obtain  statistically  meaningful  values  for 
the  parameters  are  Indicated.  These  parameters  Include  the  wind 
velocity,  surface  elevation,  fetch,  modal  (spectral)  frequency,  current 
velocity,  and  other  on-slte  measurements.  Also  discussed  are 
measurements  of  some  parameters  that  are  neither  directly  related  to  the 
sea  state  definition  nor  are  used  In  the  models  developed  in  this 
project,  but  which  may  be  Incorporated  Into  a second  generation  of 
physical  models.  The  discussion  In  Chapter  5 has  been  limited  to 
Identifying  the  parameters.  The  scope  of  the  work  under  this  project 
dees  not  Include  discussion  of  elthec  the  measuring  Instruments  or  the 
techniques  of  measurement. 

1. 4 Program  Results  and  Conclusions 

The  results  from  this  program  are  discussed  under  two  broad 
classifications,  viz.,  those  obtained  from  the  background  study  — 
Ifterature  search  and  those  resulting  from  the  physical  models 
developed. 

The  literature  review  Indicates  that  many  phenomena  associated 
with  the  oll-on-the-ocean  problem  are  not  well  understood  and  that  no 
known  analysis  exists.  Some  of  the  poorly  understood  phenomena  include: 

• The  effect  of  the  presence  of  oil  on  the  air-sea  interaction,  the 
attenuation  of  wave  energy,  the  alteration  of  the  breaking 
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FIGURE  1.1  SCHEMATIC  DIAGRAM  OF  THE  VARIOUS  PHENOMENA 

CONSIDERED  IN  THIS  PROJECT  ON  MODELING  THE  DISPERSION 
OF  OIL  ON  OPEN  OCEAN 
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probability  and  slxc  of  breaking  vaves,  etc.; 

• The  characteristics  of  the  breaking  waves  (number  density  and 
crest-length  distributions,  mean  period  between  occurrence),  as 
function  of  sea  state  In  the  absence  of  an  oil  film; 

• Tl)e  characteristics  of  upper  ocean  turbulence,  its  generation 
mechanism,  time  and  eddy  size  scales,  energy  dissipation 

rates; 

a The  variation  of  the  properties  of  different  kinds  of  oil  (crude 
oil,  refined  oil.  Industrial  grade  oil,  etc.),  with  aging  on 
the  ocean  under  varying  environmental  conditions  of 
temperature;  wind,  and  of  sunlight. 

The  main  achievements  In  this  project  have  been  the  development  of 
models  to  describe  several -of  the  phenomena  that  affect  the  dispersion  of 
oil  on  the  open  ocean.  The  entire  effort  has  been  based  on  theoretical 
modeling.  The  numerical  results  have  been  based  on  the  use  of  best 
available  Information  or,  where  data  are  lacking,  use  of  values  which 
are,  at  best,  educated  guesses. 

The  principal  results  obtained  from  the  models  developed  In  the 
program  indicate  that: 

e The  significant  wave  height*  (indicating  the  sea  state)  of  a 
fully  developed  sea  at  which  oil  of  specific  gravity  0.9  will 
undergo  Incipient  globular  dispersion  is  3 m.  This  result  is 
based  on  several  assumptions  regarding  the  spectral  description 
of  the  sea,  the  interrelationship  between  the  turbulent  velocity 
fluctuations  and  the  wave  motion  and  the  criterion  for 
globulatlon.  A change  in  any  of  the  relationships  will  drasti- 
cally change  the  value  of  the  above  sea  state.  The  use  of  a 
different  relationship  between  t%ro  parameters,  viz.  wind 
velocity  and  turbulent  Intensity  results  In  1.2  m significant 
wavs  height  for  the  minimum  sea  state  for  oil  to  start  dis- 
persing In  the  form  of  globules. 
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• The  fraction  of  the  oil  allck  that  undergoes  globulation  is 

about  12Z  for  3 ■ high  This  fraction  Increases  for 

Increasing  aea  states,  but  Is  still  small  (30X)  at  5 n sea  state. 

e The  fracture  of  an  oil  slick  by  simple,  non-breaking  swell  waves 
Is  Improbable,  even  thou^  these  waves  contain  enou^  energy  to 
produce  globules  of  oil  and  drive  them  Into  the  water.  Strain 
rates  (stretching  and  compression)  of  the  oil  film  developed 
during  the  passage  of  a swell  are  too  small  to  affect  the 
structure  of  the  oil  film  and,  also,  the  wave  frequency  needed 
to  tear  the  oil  film  Is  high. 

e Horizontal  fracturing  of  an  oil  slick  can  be  effected  by  break- 
ing waves  provided  their  average  period  of  occurrence  and  their 
crest  lengths  have, the  proper  values.  However,  If  the  ratio 
of  the  mean  square  crest  length  of  the  breaking  waves  to  the 
principal  dimension  of  the  slick  is  smaller  than  about  1/3,  it 
is  highly  unlikely  that  a continuous  fracture  of  the  slick  by 
breaking  waves  can  be  sustained. 

s A model  has  been  developed  to  predict  the  probability  of  a 

breaking  wave  occurring  at  a given  location  (unit  area) , the 

mean  energy  dissipated  In  wave  breaking  and  the  mean  time 

between  the  occurrence  of  breaking  waves.  These  values  are 

functions  of  the  wind  velocity  and  the  fetch.  Typical  values 

for  fetch  limited  seas  Indicate  that  the  average  wave  energy 

2 

loss  during  the  wave  breaking  phase  Is  between  1 and  5 kJ/m  . 
Have  breaking  probability  ranges  between  1/200  and 
1/4000. 

s The  depth  of  penetration  of  oil  globules  Into  water  Is  a strong 
function  of  the  oil  density  and  globule  size.  The  model 
derived  for  the  vertical  motion  of  globules  (In  the  absence  of 
large-scale  circulation)  Indicates  that  depth  of  penetration 
Is  of  the  order  of  a fraction  of  a meter.  Larger  globules 
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penecrace  to  greater  depths  than  smaller  ones.  The  ratio  of 
penetration  depth  to  the  diameter  of  globules  seems  to  be 
somewhat  Insensitive  to  the  Initial  velocity  with  which  the 
globules  are  projected  Into  water. 

• The  motion  of  the  oil  globules,  when  subjected  to  a non- 
atatlonary  (decaying)  turbulence  In  water,  Is  developed  in  a 
Stochastic  model.  Based  on  the  example  considered  (turbulence 
characteristics  assumed)  It  Is  seen  that  all  of  the  oil 
globules  will  reach  the  surface  and  probably  recoalesce  to 

form  a film  of  oil.  The  duration  of  time  for  this  recoalescence 
to  occur  would  be  about  twice  the  time  of  the  globules  to 
resurface  in  the  absence  of  turbulence.  It  is  likely  that  If 
the  turbulence  Is  totally  different  from  the  assumed  character- 
istics, the  above  residence  time  estimates  will  be  different. 

In  any  case,  the  total  residence  time  seems  to  be  of  the  order 
of  10  sec. 

• Langmuir  circulations  caused  by  steady  winds  generate 
sufficiently  large  downwelllng  currents  to  carry  oil  globules. 
The  oil  globules  may  be  carried  down  to  much  larger  depths 
(order  of  several  meters),  and  the  residence  time  of  the 
globules  In  the  water  will  fncrease.  In  a steady  wind 

of  10  m/s,  the  downwelllng  currents  In  Langmuir  cells  are 
sufficiently  strong  to  drag  down  oil  globules  of  4 mm 
diameter  and  smaller  (oil  density :900  kg/m  ).  At  a 20  m/s 
wind  speed,  1 cm  diameter  globules  would  be  dispersed. 

1. 5 Limitations 

In  a completely  theoretical  approach,  as  has  been  the  case  with 
the  present  project,  an  important  limitation  of  the  models  developed 
is  the  lack  of  experimental  proof  to  buttress  the  results.  We  have 
made,  wherever  necessary,  appropriate  assumptions  regarding  the 
behavior  of  the  physical  phenomena.  These  have  been  based  on  our  best 
scientific  judgment  and  experience.  However,  nature  In  its  Infinite 
variety  of  behavior  may  present  phenomena  which  have  not  been 
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considered  in  this  study.  Experimental  confirmation  of  each  of  the  models 
1»  therefore  essential  before  the  models  can  be  accepted  to  be  correct. 


In  addition » there  are  other  important  limitations: 

1.  Air-sea  interaction  in  the  presence  of  oil. 

In  accounting  for  the  air/sea  Interaction  and  in  defining  sea 
states,  the  changes  that  occur  due  to  the  presence  of  the 

oil  on  the  water  surface  have  not  been  fully  considered.  While 

the  effects  of  the  presence  of  the  oil  are  known  qualitatively, 
complete  quantitative  effects  are  not  available. 

2.  Partially  developed  sea-state. 

All  of  the  analyses  assume  fully  developed  sea-state  conditions. 
It  is  entirely  possible  that  certain  processes  (example:  wave 
breaking  frequency)  which  Influence  oil  dispersion  may  be  more 
severe  in  a developing  sea  than  in  a fully  developed  sea. 

3.  Variations  in  oil  properties  and  aging  of  oil. 

Even  though  the  physical  properties  of  the  oil  are  considered 
in  the  modeling,  their  complete  effect  is  not  Included. 

Examples  of  this  include  the  variations  in  density,  viscosity 
and  interfacial  tension  within  a large  slick.  Models  for 
slick  dispersion  and  breakage  chat  Include  these  property 
variations  will  necessarily  have  to  consider  the  types  of  oil, 
the  initial  composition,  and  effects  of  sunlight, 
sea  water  temperature,  and  winds  and  waves  on  evaporation 
and  dissolution.  Such  exhaustive  property  information  is  cur- 
rently not  available  and,  therefore,  has  not  been  included  in 
the  theoretical  models  developed  in  this  project. 

1.6  Recommendations 

Based  on  the  analyses  performed  in  this  project  and  on  the  under- 
standing of  the  difficulties  in  predicting  the  "fate"  of  the  oil  (In  a 
sea  Invlronment)  with  the  available  knowledge,  we  recoanend  that  further 
research  be  directed  towards  the  following  three  areas: 
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1.  Controlled  Experimental  Investigations 


Specifically  we  recommend  that  experiments  be  performed  to 

• Quantify  the  characteristics  of  turbulence  in  the  upper 
ocean. 

• Determine  the  energy  transfer  rates  between  wind 
and  water  with  and  without  the  presence  of  an  oil 
slick.  The  thickness  and  type  of  oil  should  be 
varied. 

e Measure  the  critical  wind,  wave  and  turbulence  conditions 
at  which  oil  globulatlon  occurs  under  non-wave  breaking 
conditions. 

• Determine  the  rate  and  magnitude  of  energy  loss  during  the 
breaking  of  a wave,  the  characteristics  of  the  resulting 
turbulence  field  (eddy  sizes,  dissipation  time  scales, 
intensity,  etc.)  in  water.  Experiments  should  be 
conducted  with  and  without  the  presence  of  an  oil  slick. 
Also  In  the  experiments  with  an  oil  slick  present,  data 
should  be  obtained  for  the  critical  conditions  under  which 
breaking  of  a wave  occurs. 

a Ascertain  the  effect  of  wave  breaking  on  the  size  distri- 
bution of  oil  globules  formed  and  the  depths  to  which  they 
are  driven.  Experiments  may  be  carried  out  initially  with 
"simulated  oil"  consisting  of  uniform  size  glass  or 
polystyrene  beads  of  density  equal  to  that  of  a "typical" 
oil  to  determine  the  penetration  depth  of  globules. 

e Conduct  experiments  to  determine  the  physical  and  chemical 
properties  of  oil  relevent  to  the  problem  of  spread  and 
dispersion. 
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• Gather  data  from  the  ocean  on  the  statistics  of  breaking 
waves,  such  as  the  number  density,  crest  length  distri- 
bution, mean  distance  between  breakers,  and  sizes  — all 
data  to  be  gathered  for  a variety  of  sea  state  consltlons. 

These  may  be  obtained  by  aerial  photographs. 

It  is  recommended  that,  where  feasible,  the  above  experiments  be 
carried  out  initially  in  the  laboratory,  with  final  tests  on  the 
ocean  itself. 

2.  Development  of  Technology  to  Gather  Data  from  Large 
Accidental  Oil  Spills 

Some  of  the  accidental  spills  of  oil  on  the  oceans  have 
resulted  In  the  release  of  tens  of  thousands  of  tons  of  oil  In  a 
variety  of  ocean  conditions.  Since  controlled  experiments  of  such 
magnitude  are  neither  economically  feasible  nor  ecologically  acceptable, 
we  recommend  that  the  "spills  of  opportunity"  be  utilized  to  gather 
as  much  data  as  possible.  Our  specific  recommendations  In  this  regard 
call  for 

• Developing  an  overall  oil  response  program  plan  by  the  Coast 
Guard  that  is  designed  exclusively  for  data  gathering.  The 
plan  should  take  Into  account  the  type,  nature  and  number  of 
data  to  be  gathered  when  a 'large  scale  spill  occurs  on  the 
ocean. 

• Research  Into  and  development  of  Instruments  and  equipment 
that  are  simple,  readily  transportable  and  deployable  on  or 
Into  the  oil  slick  from,  say,  a helicopter. 

For  example,  at  present  It  Is  not  known  what  fraction  of  the  oil  in 
a large  slick  dissolves  In  water.  Is  dispersed  as  globules  under  the 
slick  or  sinks.  There  is  an  Immediate  need  to  develop  a simple 
sequential  sampling  device  that  will  sink.  In  stages,  to  predetermined 
depths,  take  water  samples  at  each  stage,  and  finally  resurface  to  be 
recovered  by  helicopters. 
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Further  Theoretical  Modeling  Efforts 


We  recommend  that  further  theoretical  efforts  be  closely 
Integrsted  with  the  experimental  investigations.  These  efforts 
should  be  directed  towards 

s Developing  a method  for  predicting  the  total  mass  of  oil  that 
may  sink  to  the  bottom,  either  because  of  sediment  coagulation 
with  oil  drops,  or  because  of  turbulence  transport  and  capture 
at  the  bottom. 

• Analyzing  the  effects  of  oil  aging  and  the  effects  of 
water  temperature  on  the  dispersion. 

s Understanding  the  conditions  and  developing  the  criteria  for 
the  different  and  as  yet  Inexplicable  ways  in  which  oil  tends 
to  spread  on  a water  surface. 

s Improving  and  refining  existing  models  in  the  light  of 
experimental  data. 


CHAPTER  2 

LITERATURE  SURVEY  AND  IDENTIFICATION  OF  IMPORTANT  PARAMETERS 

2.1  Introduction 

In  this  chapter  we  review  the  technical  literature  pertinent  to  the 
prediction  of  the  survivability  of  an  oil  slick  on  the  ocean.  A list  of 
the  referenced  articles,  papers,  monographs  and  reports  Is  given  In  the 
bibliography. 

In  Section  2.2,  we  present  a general  description  of  the  ocean  with 
particular  emphasis  on  wind-wave  Interactions  and  turbulence.  We  then 
review  the  literature  on  the  Interaction  between  oil  spilled  on  the 
ocean  and  the  ocean  Itself.  This  Includes  an  examination  of  the  exist- 
ing Information  on  the  spreading  of  oil  on  the  ocean,  the  effect  of  oil 
on  the  ocean  waves,  the  movement  of  the  slick,  and  slick  stability  in 
oil  recovery  systems  (with  emphasis  on  the  physical  models).  Finally, 
a brief  review  of  the  oil  proper :ies  and  their  variation  on  the  sea 
due  to  aging  Is  also  provided. 

In  Section  2.3,  a review  Is  sMde  of  the  Important  parameters  that 
may  have  a significant  effect  on  the  dispersion  of  unconflned  oil  slicks 
In  the  open  ocean.  The  parameters  Include  those  that  determine  the 
behavior  of  the  sea,  the  wind  effects,  ocean  waves,  oil  properties,  etc. 
Where  pertinent  correlations  or  theoretical  formula  exist,  the  Important 
range  of  parameters  are  Identified  and  the  uncertalnltes  In  the  pre- 
dictive nature  of  the  correlations  are  discussed. 
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Existing  physical  models  describing  the  fate  of  oil  on  the  sea  are 
also  examined,  but  we  limit  our  review  to  unconflned  oil  spills.  The 
behavior  and  fate  of  boomed  oil  is  not  considered. 

2.2  Survey  of  Literature  Relevant  to  the 

Dispersion  of  Oil  on  the  Sea 

General  Description  of  the  Sea 

The  book  by  Van  Dorn  (1974)  is  an  excellent  starting  point  for 
understanding  the  origin  of  the  sea,  atmospheric  dynamics  and  its  effects 
on  the  sea,  and  waves  in  particular,  how  they  are  formed  and  how  they 
they  may  be  categorized.  The  book  Illustrates  and  explains  the  basic 
principles  with  little  mathematics.  While  it  is  instructive  to  read  the 
book  from  the  point  of  view  of  understanding  the  ocean.  It  is  not  meant 
to  be  a reference  on  ocean  research. 

Several  books  are  devoted  primarily  to  ocean  waves.  For  example, 
Bigelow  and  Edmondson  (1952)  have  described  well  the  physical  nature  of 
wind  waves  and  provide  extensive  data  (contour  plots)  of  high  and  low 
sea  swells  for  different  regions  of  the  earth.  The  book,  however,  does 
not  provide  a detailed  mathematical  description  of  wave  motion.  Wave 
motions  in  inviscid  fluids  have  been  treated  exhaustively  by  Lamb  (1932), 
and  this  is  an  important  reference  in  examining  ocean  stability  and  in 
analyzing  various  types  of  waves.  Kinsman  (1965)  deals  with  wave  phe- 
nom>na  in  considerable  mathematical  detail.  He  has  discussed  methods 
of  ipecifylng  a random  sea  and  the  determination  of  wave  spectra  from 
mea  iurements  in  the  sea.  For  a mathematical  analysis  of  the  wave  phe- 
nom  !na,  this  is  an  excellent  reference. 

In  this  study  the  relationships  among  various  wave  parameters  are 
often  used.  In  order  to  facilitate  easy  reference  to  these  relation- 
ships Table  2.1  is  provided.  The  table  is  developed  using  the  results 
derived  in  Lamb  (1932).  Relationships  amongst  wave  parameters  such  as 
the  wave  phase  velocity,  wave  length  (or  equivalently  wave  number),  wave 
frequency,  wave  energy,  etc.  are  indicated.  Also  given  are  the  relation- 
ships that  Involve  the  physical  properties  of  the  medium  in  which  the 
waves  occur.  The  symbols  are  defined  in  the  nomenclature. 
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Important  Relationships  Among  Water  Wame  parameters 


W«v«  Spectra 


The  energy  In  e wave  is  dependent  on  the  amplitude  of  the  wave  In 
the  case  of  gravity  waves  and  on  both  amplitude  and  wave  length  for 
capillary  waves.  Typically  the  sea  contains  a myriad  of  waves,  of  all 
different  sizes,  lengths,  and  directions  Jumbled  together  usually  as  a 
result  of  wind  generated  disturbances  of  different  Intensities,  locations 
and  directions.  The  energy  contained  in  such  a confused  sea  motion  Is 
generally  represented  by  a spectral  diagram-essentlally  a representation 
of  energy  density  as  a function  of  the  wave  nximber  (or  frequency). 

The  characterization  of  a sea  by  Its  spectrum  has  been  studied  by 
a number  of  Investigators,  for  example  Michel  (1968),  Van  Dom  (1974); 
also.  Kinsman  (1965)  provides  a detailed  mathematical  analysis  of  the 
various  theories  Involved  In  the  spectral  analysis. 

A histogram  of  the  wave  height,  H,  (vertical  distance 
bet%reen  Che  observed  crest  and  trough  of  waves)  can.  In  most  cases,  be 
represented  by  a Rayleigh  distribution  of  the  following  type: 


P 


exp  (- 


2.1 


whire  p dK  represents  the  probability  of  occurrence  of  a wave  of  height 

- « 

be:ween  H and  H -I-  dH.  „2  is  the  mean  square-wave  height.  It  Is  more 

n 

customary  to  express  the  height  of  waves  by  specifying  the  significant 
wa /e  height.  This  Is  the  mean  height  of  the  highest  one-third  of  the 
wa/es  present.  This  height,  represented  by  Is  related  to  the  root 

mt  m-square  height;  for  Che  Rayleigh  distribution  this  Is  given  by  (see 
Longuec-Hlgglns  1952): 


H 

a 


“l/3 


1.41 


2.2 


Longuec-Hlgglns  (1952)  has  derived  the  statistical  distribution 
of  wave  heights  when  the  total  number  of  wave  height  observations  la 
finite  and  the  frequency  separation  of  the  waves  is  ssiall  compared  to 
Che  central  frequency. 
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Several  researchers  have  proposed  mathematical  formulas  to  describe 
the  observed  sea  spectra.  A detailed  analysis  of  the  differences  In 
the  spectral  distribution  predicted  by  different  correlations  la  given 
by  Michel  (1968),  and  It  Is  probably  the  best  paper  for  a comprehensive 
review  of  the  subject  of  wave  spectra.  The  correlation  most  often 
accepted  for  a fully  developed  sea  is  that  of  Pierson-Moskowitz . This 
correlation  given  by  Michel  (1968)  is  of  the  following  dimensional 
fora: 


e (w) 


13S 
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exp 


t9.7  X 10^ 
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where  e (u) 
w 
U 


2 

the  energy  spectral  density  (ft  -sec)  at  frequency  u, 
radian  frequency,  s ^ 

wind  speed  (knots)  measured  at  64  feet  above 


"mean  sea"  level. 

2 

Defining  E"  as  Its  average  wave  energy  (ft  lb /ft  ) per  unit  area 
of  sea.  It  Is  seen  that  the  relationship  between  e(u)  as  given  above 
and  E"  Is  given  by  * 
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The  significant  wave  height  (H^)  for  the  above  correlation  Is 
given  by: 


3.5  U 


10 


2.4 


where  H Is  In  feet  and  U Is  In  knots. 

s 

Other  correlations  such  as  the  Bretschnelder's,  International 
Snip  Structures  Congress'  (ISSC)  have  been  proposed  where, Instead  of 
wind  velocity,  a term  called  the  "significant  period"  (average  period 
of  the  significant  waves)  is  used.  The  ISSC  spectrum  is  of  the  form: 


«(w)  - 


2760 

_ 4 5 

T,  m 


exp 


(-fj) 
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where  T^  ■ significant  period  (s) 


* 3 

p should  be  In  the  units  of  slugs/ft  when  FPS  units  are  used. 
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In  a fully  developed  sea,  the  significant  wave  period  Ad  wind 
velocity  U are  related  (Bretshnelder  gives  a correlation  connecting  U 
and  However,  for  a partially  developed  sea  there  is  no  such  Inter- 

relationship, and,  therefore,  two  Independent  quantities  (H^  and  T^) 
have  to  be  specified  to  define  the  spectrum.  That  is,  a two-parameter 
spectrum  is  necessary  to  specify  a partially  developed  sea.  Van  Dorn 
(1974)  discusses  the  meaning  of  the  two  terms — fully  developed  and 
partially  developed  sea. 

Wind  Wave  Interaction 

The  generation  of  waves  by  wind  blowing  on  top  of  water  is  a 
familiar  phenomenon  and,  in  spite  of  concentrated  research  over  many 
years,  a complete  theory  for  the  generation  and  growth  of  wind  waves 
la  still  lacking.  The  ruffling  of  a water  surface  by  wind  was  studied 
by  Rayleigh,  Stokes  and  other  researchers  in  the  last  century  (see 
Lamb,  1932).  The  threshold  wind  speed  at  which  waves  appear  on  a water 
surface  depends  on  the  purity  of  the  water  and  varies  from  a low  of 
1.07  m/s  (see  Lamb,  Chapter  XI,  348)  for  pure  water  to  about  1.5  m/s 
for  sea  water  (Van  Dom,  1974)  . At  wind  speeds  greater  than  3 m/s,  the 
ser  surface  becomes  rough  and  wave  growth  is  accelerated,  due  to  bo'.h 
a decrease  in  the  ripple  angle  (of  propagation)  and  the  onset  of 
iaitabillty  from  the  amplitude  selective  process.  Waves  with  the 
shortest  wave  length  and  the  steepest  form  grow  fastest  because  they 
perturb  the  air  flow  significantly. 

Efforts  to  understand  the  air-water  energy  transfer  process  began 
in  the  1880' 8 with  Kelvin,  Helmoltz  and  others  who  studied  the  oscll- 
la.ions  set  up  at  the  interface  between  two  fluids.  More  recent  theoreti- 
cs* investigations  by  Jeffreys  (1924)  and  Svedrup  and  Munk  (1947)  have 
be>'n  concerned  with  the  tangential  and  normal  stress  energy  transfer 
mechanisms  between  wind  and  water.  Other  theories,  which  include  the 
mechanisms  of  wind  turbulence  and  nonlinear  interactions  between  wave 
groups  have  been  thoroughly  examined  by  Kinsman  (1965). 

Experimental  investigations  of  the  interaction  between  wind  and 
waves  have  been  primarily  concerned  %d.th  predicting  the  roughness 

2-6 


I 


parameter  of  the  sea  and  the  drag  coefficient.  The  Karman-Prandtl  equa- 
tion for  the  distribution  of  air  velocity  with  height  In  turbulent 
flow  over  a rough  surface  (universal  velocity  distribution  law)  has 
been  widely  applied  as  a method  of  determining  the  dependence  of  the 
wind  shear  stress  on  the  water  as  a function  of  wind  velocity.  Wilson 
(1960)  has  reviewed  all  of  the  available  laboratory  and  field  experi- 
mental correlations  on  wind  stress  measurements  and  has  presented  a 
table  of  derived  drag  coefficients.  The  drag  coefficient  Is  derived 
by  using  an  equation  of  the  form: 


T 

0 


S ‘’air 


2.6 


where  x is  the  mean  shear  stress  on  the  water  surface,  p . Is  the 
o ^air 

density  of  the  air,  u Is  the  mean  wind  speed  measured  10  m above  the 
(undisturbed)  water  level,  and  Is  the  drag  coefficient.  From  a 
review  of  the  data  and  using  the  Karman-Prandtl  equation  to  scale  the 
laboratory  scale  experimental  results,  Wilson  (1960)  has  estimated  that: 


Cjj  0*0024  + 0.0005  for  strong  winds 

and 

u ^ 0.0015  + 0.0008  for  light  winds 

More  recent  data  from  the  experiments  by  Ruggles  (1970)  Indicate 
that  the  airflow  regime  over  the  ocean  in  the  wind  speed  range  2 to 
10  m/s  (at  10  m height)  is  best  described  as  a region  of  constant  drag 
coifflclent  with  ■ 1.6  x 10  . This  value  Is  modified  by  the  super- 

poiitlon  of  almost  singular  departures  at  a number  of  discrete  wind 
speeds  which  are  apparently  caused  by  the  onset  of  distinct  peaks  at 
wl.id  speeds  of  2 m/s,  4 m/s  and  8 m/s.  The  2 m/s  speed  Is  related  to 
Jeffrey's  minimum  wind  speed  for  wave  generation  (Lamb,  1932,  p.  625) 
and  the  phenomenon  at  8 m/s  to  classical  Kel^'ln-Helholtz  Instability. 

Based  on  the  measured  data,  Ruggles  suggests  the  following  empirical 
correlation  between  friction  velocity  u*  and  wind  speed  at  10  m height,  U. 

u*  - 0.04  U 2.7 
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Falvey  (1974)  also  has  developed  correlations  between  wind  speed 
and  friction  velocity  and  wind  speed  and  wave  heights.  His  correlations 
for  friction  velocity  are  more  involved  than  those  above  and  different 
correlations  apply  to  different  regions  depending  on  whether  the 
sea  surface  Is  hydrodynamlcally  smooth  or  rough.  In  addition  Falvey 
indicates  that  his  correlations  are  applicable  to  cases  where  the  storm 
width  is  larger  than  the  fetch. 

The  development  of  the  sea  state  (expressed  as  the  total  energy 
content  of  waves)  due  to  the  presence  of  wind  has  been  discussed  by 
Van  Dorn  (1974).  He  has  presented  a cumulative  sea-state  diagram  which 
is  extremely  useful  in  determining  such  sea-state  parameters  as  the 
sea-state  index  (square  root  of  energy),  significant  wave  height  and 
period,  all  quantities  being  shown  as  functions  of  wind  speed  and  dur- 
ation of  wind  action.  Also,  the  fetch  distances  for  development  of  a 
fully  developed  sea  are  presented.  However,  spectral  distribution  data 
are  not  presented  as  functions  of  the  sea  state. 

The  energy  supplied  by  the  wind  to  the  sea  after  the  sea  is  "fully 
developed"  is  lost  by  a variety  of  dissipative  phenomena.  The  main 
energy  dissipating  mechanism  is  the  breaking  of  waves.  In  addition, 
turbulence  in  the  upper  layers  of  the  ocean  and  surface  film  effects  do 
dissipate  energy  but  not  at  a sufficiently  large  rate.  Another  important 
mechanism  of  energy  removal  from  the  waves  in  the  sea  is  the  geometric 
spreading  of  the  waves. 

The  phenomenon  of  wave  breaking  has  been  studied  by  a number  of 
w<'rkers  from  the  middle  of  the  last  century.  Several  mechanisms  which 
cause  a wave  to  break  have  been  propounded.  Van  Dom  (1974)  has  reviewed 
the  salient  features  of  breaking  waves  and  concludes  that: 

(1)  Waves  of  steepness  ratio  H/L  will  break  when 

2 

they  reach  a beach  of  slope  S where  S < 2it  H/L. 

H is  the  observed  wave  height  and  L the 
distance  between  crests. 
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(ii)  Offshore  wave  breaking  is  dependent  on  the 
absolute  wave  height.  Higher  waves  of  same 
steepness  will  break  farther  offshore. 

(Ill)  The  angle  at  the  wave  crest  in  a spilling  breaker 

is  120*. 

Other  workers  such  as  Price  (1970,  1971),  Banner  and  Phillips  (1974), 
Longuet-Higglns  and  Turner  (1974),  have  all  considered  the  detailed  struc- 
ture of  breaking  waves  and  have  determined  criteria  under  which  waves 
break.  A correlation  for  the  height  of  the  breakers  (that  occur  near 
shore)  as  a function  of  the  deep  water  wave  steepness  is  presented  by 
Van  Dom  (1974)  for  different  beach  slope  values.  The  correlation  in- 
dicates that  as  the  wave  steepness  Increases  the  relative  height  of  break- 
ing (i.e.,  ratio  of  the  height  of  the  breaking  wave  to  the  deepwater  wave 
height)  decreases.  The  distribution  of  breaking  waves  in  a sea  is  quite 
random.  The  frequency  and  the  intensity  of  breaking  are  known  to  Increase 
with  Increased  wind  speed,  but  there  are  no  models  to  predict  how  many  waves 
break  at  any  given  instant  (within, say,  a specified  area)  or  what  their 
height,  length,  and  width  relationships  are  to  the  sea  state.  Van  Dom 
(1974)  presents  a correlation  for  tne  probability  of  breaking  - which 
he  calls  a "guesstimate"  based  on  observing  aerial  photographs  of  breaking 
waves  - as  a function  of  wind  speed.  The  correlation  is  given  by: 

P - 2U  - 20  for  10  < U (knots)  <60  2.8 

where  P is  the  percent  of  the  high  waves  that  break  in  a sea  with  a 
given  wind  speed  U.  It  is  emphasized  by  Van  Dom  that  the  above  relation- 
ship, having  been  developed  by  photographic  observations  and  not  having 
any  sea-state  Information,  is  applicable  to  any  sea-state  condition 
rather  than  being  restricted  to  fully  developed  states.  He  further 
defines  "larger  waves"  as  being  the  highest  lOZ  waves  in  any  sea  state 
and  relates  the  average  height  of  the  breaking  waves  to  the  average 
height  of  the  highest  lOX  waves.  Using  this  "guestlmate ,"  It  is  possible 
to  calculate  the  average  height  of  the  breaking  waves  and  the  number 
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density  per  unit  sea  surface  area.  However,  there  are  no  data  on  the 
transverse  length  distribution  of  breaking  waves.  This  Is  an  important 
parameter  for  the  "splitting"  of  an  oil  slick  by  breaking  waves. 


The  energy  loss  due  to  wave  breaking  has  been  analyzed  by  Barnett 
(1968)  and  he  gives  a relationship  between  spectral  form  and  frequency 
in  the  frequency  range  dominated  by  wave  breaking.  Longuet-Higgins 
(1969)  has  derived  an  expression  for  the  fraction  of  wave  energy 
"lost"  in  a wave  cycle  due  to  breaking  of  waves.  This  derivation  is 
based  on  the  assumption  that  waves  of  an  amplitude  above  a critical 
value  will  break  and  that  the  wave  amplitudes  are  distributed  according 
to  a Rayleigh  distribution.  The  critical  amplitude  value  is  determined 
by  the  condition  that  the  acceleration  of  water  particles  at  the  wave 
crest  is  equal  to  one-half  of  the  acceleration  due  to  gravity.  Based  on 
these  criteria,  Longuet-Higgins  has  shown  that  the  fractional  of  the 
wave  energy  that  is  lost  by  breaking  in  one  mean  wave  cycle  is 
essentially  a constant  and  is  given  by; 

a.  ■ exp  ) 2.9 

wt ere  a is  a dimensionless  constant  appearing  in  the  spectral  density 

function  describing  the  energy  density  in  the  wave.  Using  the  value 
-2 

oJ  o " 1.35  X 10  which  is  typical  of  the  equilibrium  spectrum  (see 

PI. mips,  1958)  with  a sharp  low  frequency  cutoff,  it  is  seen  that 
-A 

0)  = 10  . It  is  suggested  by  Longuet-Higgins  that  a significant  part 

of  the  energy  lost  by  wave  breaking  goes  directly  into  turbulence.  A 
small  part  is  also  transferred  to  capillary  waves  (high  frequency) 
and  also  to  the  gravity  waves.  Longuet-Higgins  has  also  related  n 
with  the  wind-wave  drag  coefficient  (see  Ruggles,  1970)  by  the 
formula: 


Ocean  Turbulence 


The  phenomenon  of  turbulence  In  Che  ocean  has  not  been  studied  In 
any  great  detail  because  of  .the  difficulties  In  measurement.  However, 
some  Important  characteristics  of  ocean  turbulence  are  reasonably  well 
established.  For  example,  It  Is  known  that  the  turbulent  dissipation 
of  energy  In  unit  time  In  non  breaking  waves  Is  small  compared  '^oth  to 
wave  energy  flow  and  to  the  energy  input  rate  from  wind.  In 

addition  Che  dissipation  Is  confined  to  the  upper  levels  of  the  ocean, 
essentially  In  regions  above  the  trough  of  waves.  Stewart  and  Grant 
(1962)  have  estimated  from  the  data  obtained  In  a tidal  channel  near 
Vancouver  Island  (under  6 m/s  wind,  0.4  m wave  height  and  5 m wave 
length)  that  the  turbulent  dissipation  function  c was  essentially  a 

3 

constant  at  0.03  erg/cm  s over  depths  of  1 to  2 m.  At  a 15  m depth  z 
is  an  order  of  magnitude  smaller  chan  the  above  value.  Stewart  and 
Grant  concluded  that  their  measured  turbulence  Is  associated  with  the 
wind  driven  drift  current  rather  than  with  the  waves. 

A more  recent  paper  by  Belyaev  etal.  (1975)  indicates  Chat,  based 

on  data  obtained  from  measurements  In  the  Atlantic  and  Indian  Oceans, 

3 

Che  value  of  Che  dissipation  function  varies  between  0.15  erg/cm  s at 

3 

36  m depth  to  0.037  erg/cm  s at  140  m depth.  This  clearly  indicates 
that  ocean  turbulence  Is  of  a higher  Intensity.  Unfortunately  no  other 
qianCiCative  remarks  can  be  made,  because  t e paper  does  not  give  data 
or  sea  conditions  or  on  turbulence  closer  to  the  ocean  surface. 

The  energy  to  s"staln  turbulence  In  the  ocean  is  derived  from  a 
variety  of  sources  such  as  ocean  currents,  wind  stresses  and  atmospheric 
turbulence,  and  the  flow  of  water  into  oceans  from  rivers  and  rain. 

Fi  IB  Che  data  provided  by  Belyaev  et  al.,  it  can  be  argued  that  the 
turbulence  measured  by  these  workers  Is  not  representative  of  that 
generated  by  wave  breaking  but.  Instead,  Is  generated  by  a thermal  cur- 
rent at  about  100  meter  depth.  Faller  (1971)  has  given  order-of- 
■agnltude  estimates  of  Che  energies  Involved  In  several  Identifiable 
phenomena  associated  with  fluid  motions  In  the  ocean.  He  concludes 
that  waves  probably  contribute  about  an  order  of  magnitude  more  energy 


than  any  other  source  to  maintaining  ocean  turbulence  In  the  surface 
(mixed)  layer. 


The  literature  on  ocean  turbulence  Is  singularly  lacking  In 
information  or  analysis  of  the  relationship  between  sea  conditions 
("sea  state")  and  the  characteristics  of  turbulence.  Those  researchers 
who  have  investigated  the  turbulence  phenomenon  in  the  ocean  seemed  to 
be  more  concerned  with  the  structure  of  turbulence  and  its  spectrum 
rather  than  either  identifying  the  nature  of  its  production  or  the 
relation  of  turbulent  Intensity  to  sea  state  (see  Osborn,  1970).  It 
stands  to  reason  that  the  turbulent  Intensity  and  energy  would  Increase 
with  an  Increase  in  Che  sea  roughness  generated  by,  say,  a storm. 
Several  questions  remain  unanswered.  For  example,  how  does  turbulent 
intensity  in  upper  layers  vary  in  a developing  sea  state,  in  a fully 
developed  sea,  and  in  zones  outside  the  storm  zone  where  there  is  still 
coneiderable  energy  in  the  waves?  What  is  the  relationship  between 
breaking  wave  frequency  and  turbulent  spectrum?  Is  the  turbulence 
under  a breaking  wave  characterized  by  scales  comparable  to  Che  wave 
height?  In  our  opinion  these  are  extremely  important  questions  that 
ha/e  to  be  considered  in  the  study  of  oil  dispersion  by  rough  seas. 
Lcnguet-Hlggins  (1969)  has  derived  expressions  for  energy  loss  in 
wa/e  breaking  — but  it  is  not  clear  whether  all  this  energy  ends  up 
as  turbulence  in  the  ocean  surface  or  a part  of  it  is  fed  Co  other 
wa/e  modes. 

No  review  of  turbulence  phenomena  in  the  ocean  would  be  complete 
wl.hout  a reference  to  the  literature  on  turbulence  in  general.  Prob- 
ably the  best  starting  point  for  understanding  the  basics  of  turbulence 
an'  the  terminology  is  a book  by  Tennekes  and  Lumley  (1974).  The  book 
by  Klnze  (1939)  is  a classical  treatise  on  the  subject  but  it  is  a 
difficult  book  to  understand. 

Oil  on  the  Ocean 

Oc^an  Dynamics  in  the  Presence  of  an  Oil  Slick 

The  concept  Chat  the  fury  of  Che  sea  can  be  minimized  (and  some- 
times eliminated)  by  a film  of  oil  on  Che  water  surface  seems  to  be 
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well  entrenched  In  nautical  literature  since  Ben  Franklin's  days. 

Van  Dorn  (1974,  Chapter  27)  In  his  book  has  dealt  with  this  subject 
very  elegantly  and  concludes  that  while  oil  and  other  films  do  Indeed 
damp  out  small  waves  of  less  than  1 ft  In  height  (essentially  capillary 
waves)  they  have  no  effect  whatsoever  on  larger  waves  and  certainly  no 
effect  on  breaking  waves.  He  has  also  provided  the  following  formula 
for  the  wave  energy  dissipation  by  monomolecular  films  (In  which 
stretching  energy  Is  dissipated  as  heat): 

fraction  of  wave  energy  dissipated 
per  second  by  film  stretching 
relative  to  the  average  energy 
of  wave  motion 

where  T Is  the  wave  period  In  seconds. 

This  Indicates  that,  for  a 10  second  wave,  only  2 x 10  ' of  the 
wave  energy  is  lost  per  second  by  a film  If  it  were  present  on  the 
water  surface. 

Some  theoretical  work  Is  being  presently  undertaken  (Mllgram, 

1976)  to  evaluate  the  wave  energy  dissipation  by  a relatively  thick 
(2  to  3 cm)  oil  slick  spread  over  a large  area  on  the  sea.  In  this 
case,  even  long  period  waves  may  be  attenuated  to  a considerable  degree. 
Whi  t this  may  do  to  the  frequency  and  number  of  breaking  waves  in  a given 
sea  state  is  a question  that  remains  unanswered.  There  is,  however, 
a possibility  that  at  the  perimeter  of  a thick  oil  slick  the  breaking 
waves  may  be  amplified  due  to  the  obstruction  provided  by  the  oil  In 
the  wave  path. 

An  experiment  to  determine  the  effect  of  wave  height  attenuation 
by  the  presence  of  oil  film  has  been  reported  by  Kolesnichenko  et  al.  (?) 
With  a 3 mm  thick  spindle  oil  layer  In  a wave  tank,  the  wave  height 
decreases  parabollcally  with  distance.  Also,  at  a given  location,  the 
wave  height  decreases  with  an  Increase  with  oil  thickness.  While  the 
data  represent  the  first  known  quantitative  Information  on  the  rate 
of  atter  latlon  of  wave  height,  by  an  oil  film,  it  Is  not  clear  how 
the  results  from  the  reported  scale  tests  (1:25)  can  be  extrapolated 
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to  sea  conditions.  For  example.  It  Is  uncertain  how  the  results  obtained 
In  these  experiments  with  single  wavelength  waves  (though  several  wave- 
lengths were  Investigated  In  different  experiments)  can  be  applied  to  a 
sea  containing  a spectrum  of  wavelengths.  Besides,  how  to  relate  this 
Information  to  a breaking  wave  remains  In  doubt. 

The  full-scale  experiments  of  Barger  et  al.  (1970)  employed  a 
1 km  by  0.3  km  oleyl  alcohol  film  In  the  sea  off  the  coast  of  Massachu- 
setts. The  results  Indicate  that  the  presence  of  monomolecular  films 
on  the  sea  surface  affects  not  only  the  wave  generation  In  the  sea  but 
also  the  turbulence  In  the  lower  layers  of  the  atmosphere  above  the 
"slick.”  They  report  observing  no  breaking  waves  within  the  slick 
whereas  outside  of  the  slick  many  were  present.  Since  no  data  on  the 
sea  states  are  given  (other  than  that  the  average  wind  speed  was  about 
8 m/s  and  5 m/s  on  the  respective  measurement  days)  It  Is  hard  to 
evaluate  the  severity  of  the  sea  and  draw  any  conclusions  about  the 
effect  of  the  film  on  the  breaking  waves  under  other  sea  conditions. 

The  few  studies  reviewed  above  have  added  considerable  Information 
on  the  effect  of  oil  on  water  as  It  relates  to  the  dynamics  and  waves. 
However,  a complete  understanding  Is  far  from  achieved.  Several 
Inportant  questions  remain  to  be  answered,  such  as  the  effect  of  oil 
slicks  on  waves  In  a fully  developed,  sea  as  against  In  a developing  sea, 
whether  the  water  turbulence  Is  different  underneath  an  oil  slick,  and 
ho<  the  wind  energy  Is  transferred  to  water  (If  at  all)  through  the 
si Ick. 

Behavior  of  Oil  on  the  Ocean  - Spreading  and  Movement 

The  spreading  of  oil  on  the  ocean  and  Its  movement  by  wind,  waves 
and  other  natural  forces  have  been  Investigated  by  a number  of  people. 
Fallah  and  Stark  (1976)  reviewed  the  current  literature  on  the  movement 
of  oil  on  the  sea.  In  their  article  they  considered  spreading 
(gravitational  and  surface  tension  driven),  slick  drifts  by  wind,  waves 
and  cur  ents  and  spreading  of  continuously  released  oil  by  oceanic 
turbulence  (diffusion).  The  review  Is  comprehensive,  but  It  does  not 
discuss  the  merits  of  one  model  against  the  other,  nor  does  the  review 
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recoonnend  the  best  model  to  use  In  a given  situation.  The  review, 
however,  contains  an  exhaustive  bibliography  on  the  problem  of  oil 
on  the  sea.  Another  comprehensive  review  which  Includes  mechanisms  of 
oil  spread  not  considered  by  Fallah  and  Stark  has  been  given  by 
Waldman  et  al.  (1973).  In  the  latter  work,  models  have  been  developed 
to  predict  the  spread  of  continuously  released  oil  on  calm  water. 
Between  these  two  principal  review  papers  most  of  the  literature 
currently  available  concerning  the  movement  and  spreading  of  oil  on 
the  ocean  has  been  covered,  and  there  seems  to  be  no  justification  to 
repeat  them  In  this  survey.  However,  for  the  purposes  of  continuity, 
the  physical  mechanisms  that  are  believed  to  cause  oil  spread  and 
movement  are  catalogued  below. 

The  principal  forces  that  tend  to  spread  oil  on  calm  water 
are  buoyancy  and  the  interfacial  tension.  On  the  ocean,  the 
surface  movement  of  the  oil  caused  by  the  waves  Is  relatively  small 
compared  with  the  wind-induced  motion.  In  very  turbulent  oceans 
and  for  small  thickness  slicks,  the  turbulent  dispersion  of  oil  can  be 
Important.  One  other  phenomenon  that  has  been  noticed  In  large  oil 
spills  on  the  ocean  Is  the  development  of  the  slicks  Into  long  thin 
streaks  aligned  in  the  direction  of  the  wind.  These  are  apparently 
associated  with  the  formation  of  regular  helical  convection  cells  in 
wfter  known  as  Langmuir  vortices. 

Another  Important  factor  In  the  spreading  of  oil  on  the  ocean 
(•specially  large  spills)  Is  the  change  In  oil  properties  due  to 
wtatherlng  and  fractionation.  The  naphtha  fractions  in  the  oil  are 
known  to  evaporate  within  three  days  after  the  spill  (Brunnock  et  al., 

I 

1^)8).  The  solubility  of  oil  In  water  also  affects  the  spreading  due 
tc  the  changes  in  the  Interfaclal  tension.  Fay  (1970)  has  considered 
this  dissolution  aspect  and  has  presented  a correlation  for  calculating 
the  maximum  slick  size.  The  literature  Is  particularly  deficient  in 
models  of  spread  and  movement  of  oil  that  have  considered  the  time-wise 
change  jf  oil  properties  due  to  environmental  effects. 
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Stability  of  Oil  Sllcka  on  the  Ocean 

Perhapn  the  most  Important  phenomenon  that  Is  of  Interest  to  the 
present  study  Is  the  stability  of  an  unconflned  oil  slick  subjected 
to  the  various  forces  In  Che  sea;  yet  It  Is  precisely  In  this  area 
that  Che  literature  has  almost  no  Information.  We  do,  however,  find 
numerous  studies,  both  experimental  and  theoretical,  dealing  with  the 
problem  of  oll-fllm  stability  when  It  Is  contained  by  a boom  and  sub- 
jected to  a relative  water  current. 

The  only  work  that  deals  with  an  associated  problem  Is  that  published 
by  T^lbovlch  (1975,11)  on  the  limitations  to  containment  of  oil  in  the  open 
sea.  Leibovlch  obtains  expressions  for  the  probability  density  of  find- 
ing oil  globules  as  a function  of  Che  depth  In  Che  sea.  This  probabil- 
ity density  Is  related  to  the  terminal  velocity  of  the  drop  In  calm 
water  and  to  a turbulent  diffusion  coefficient  related  to  the  wind  speed. 
While  Che  analysis  presented  is  elegant,  Leibovlch  has  not  addressed 
the  question  of  Che  conditions  under  which  oil  droplets  can  be  formed 
(If  at  all)  and  how  the  droplet  size  and  distribution  Is  related  to  the 
sea  conditions. 

Stability  of  Contained  Oil  Slicks 

While  the  problem  of  Interest  to  the  present  study  Is  the  dls- 
pcrslon  of  unconf Ined  oil  slicks  and’  how  they  break  up,  it  is  worth- 
w) lie  reviewing  In  brief  Che  conditions  under  which  the  booming  of  oil 
fi 11s.  Several  physical  phenomena  chat  cause  oil  to  flow  underneath 
ct e boom  skirt  may  also  cause  dispersion  of  an  unconflned  oil  slick. 

I"  should,  however,  be  kept  In  mind  that  a fundamental  difference  In 
the  physical  situation  exists;  In  the  booming  of  the  oil  there  Is 
always  a relative  current  between  oil  and  water.  This  need  not  be  the 
case  in  an  open  sea  condition. 

The  "failure"  of  boomed  oil  la  said  to  occur  when  oil  droplets 
are  torn  off  from  the  slick,  entrained  In  Che  water  stream  and  pass 
under  I he  barrier  of  the  boom.  Wicks  (1969)  gave  a relationship 
between  size  of  droplets  formed  and  the  water  speed  and  also  the 
critical  water  speed  at  which  droplets  are  formed.  This  droplet 
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format Ion  pehnomenon  has  been  explained  as  being  a consequence  of 
InCerfaclal  wave  amplification,  behind  the  head  wave,  by  a Kelvln- 
Helmholtz  type  of  Instability  (see  Jones  1972;  Lelbovlch,  1975,  (1); 

Mllgram  and  Van  Houten,  1974).  Certain  other  experimental  observations 
have  indicated  that  droplet  formation  occurs  first  at  the  head  wave 
and  In  the  turbulent  wave  region  behind  the  head  wave.  Such  a failure 
has  been  considered  by  Lelbovlch  (1975)  and  Zalosh  and  Jensen  (1975). 

In  all  these  analyses  the  primary  aim  Is  to  predict  the  water-current 
speed  at  which  droplets  escape  from  the  barrier.  All  consider  the 
flow  to  be  essentially  laminar  with  Instabilities  occurring  at  the  oil- 
water  Interface.  No  consideration  Is  given  to  the  effects  of  possible 
turbulence  In  the  water.  Vfhlle  the  theories  presented  and  the  analyses 
In  the  above  references  are  correct,  they  are  of  little  use  In  the 
present  study  because  of  the  omission  of  the  effects  of  turbulence.  In 
the  case  of  an  unconstrained  oil  slick,  on  the  ocean,  the  important  phenomena 
are  the  presence  of  waves  and  turbulence  In  water  and  generally  the 
absence  of  (high-speed)  relative  currents  between  oil  and  water. 

Change  of  Oil  Properties  During  Spreading 

When  oil  Is  spilled  on  the  ocean.  Its  composition  changes  with  time 
due  to  weathering.  Processes  which  contribute  to  weathering  are  evaporation, 
photochemical  and  oxidation  reactions,  dissolution  of  Individual  components 
In  water,  emulsification  and  the  action  of  microorganisms.  The  physical 
properties  of  the  oil  such  as  the  density,  viscosity,  and  surface  tension 
change  are  affected.  It  Is  known  that  the  principal  mechanism  that 
causes  the  greatest  Initial  change  in  crude  oil  composition  is  the 
evaporation  of  light  hydrocarbons. 

The  evaporation  loss  rate  from  a slick  depends  not  only  on  the 
volatile  fractions  contained  in  the  slick  at  any  given  time,  but  also 
on  the  area  of  the  slick  and  environmental  f..ctors  such  as  wind  speed 
and  wave  agitation.  This  problem  has  not  been  considered  In  Its  complete- 
ness In  the  literature.  Even  the  change  of  properties  (with  time)  In  an 
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actual  slick  on  the  sea  has  not  been  determined.  The  experiments  of 
Harrison  et  al.  (1975)  were  the  first  scale  experiments  under  sea 
conditions  to  study  the  oil  property  changes.  These  experiments  (using 
275  gallons  of  crude  oil)  Indicate  that  fractions  whose  boiling  points  are 
below  220*C  should  evaporate  completely  In  three  to  eight  hours  In  a 
typical  oil  spill  under  normal  wind  conditions.  Harrison  et  al.  also 
state  that  during  their  experiments  they  noticed  a sudden  and  dramatic 
increase  In  evaporation  rates  when  the  sea  was  rough  and  had  extensive 
whitecapping.  This  paper  does  not  Indicate  whether  property  measurements 
were  made  during  the  aging  of  the  slick.  Regnler  and  Scott  (1975) 
reported  another  series  of  oil  evaporation  experiments  under  the  con- 
trolled conditions  of  a laboratory  environmental  chamber.  They  have 
provided  extensive  tables  of  evaporation  rate  constants  for  various 
n-alkane  components  as  functions  of  temperature. 

The  measurement  of  the  physical  and  chemical  property  changes  of 
oil  spilled  from  a large  accident  have  been  reported  by  McLean  and 
Betancourt  (1973).  The  oil  deposited  on  the  shore  after  the  "ARROW" 
spill  In  Chedabucto  Bay,  Nova  Scotia  was  studied  to  determine  the 
property  changes  due  to  weathering.  The  data  reported  indicated  that 
81  eclfic  gravity  rises  fairly  rapidly  (from  0.95  to  0.98)  up  to  about 
18  months,  after  which  time  the  rate^  drops.  The  asphaltene  composition 
varied  from  52  to  about  252  by  weight  in  a period  of  about  22  months. 

It  Is  mentioned  by  these  authors  that  the  viscosity  of  the  samples 
collected  showed  wide  scatter,  but  that  a trend  of  rapid  Increases 
In  viscosity  values  could  be  discerned.  The  experiments  of  Davis  and 
Gljbs  (1975)  give  direct  quantitative  lnform.::tlon  on  the  changes  In 
ph  slcal  property  values  (and  compositions)  of  oil  exposed  to  sea 
conditions.  The  results  obtained  over  a period  of  two  years  by  exposing 
a 1.4  cm  thick  water  In  an  oll-emulslon  (chocolate  mousee)  layer  of 
i Kuwait  crude  In  a tank  exposed  to  tidal  flushing  Indicate  that  both 

viscosity  and  specific  gravity  Increase  with  time  as  did  the  percent 
I asphaltenes.  The  specific  gravity  Increased  from  0.955  to  0.985 

almost  linearly  over  the  two  year  period.  The  Increase  In  kinematic 
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viscosity  Increases  proportionately  to  the  square  of  the  elapsed  time. 

It  Is  concluded  by  the  above  authors  that  the  experimental  results 
are  representative  of  the  behavior  of  lumps  of  "mousse"  in  moderately 
calm  sea  conditions. 

The  results  reported  by  McLean  and  Betancourt  (1973)  and  Davis  and 
Gibbs  (1975)  relate  to  the  variation  of  physical  properties  of  oil  due 
to  weathering  under  actual  sea  conditions,  but  no  data  are  presented  on 
the  variation  of  surface  tension  %ri.th  either  composition  or  time.  It 
Is  recalled  that  one  of  the  driving  forces  for  spreading  oil,  especially 
when  the  film  thickness  is  small.  Is  the  Interfaclal  tension  at  the 
air,  oil,  water  Interface.  Besides  spreading,  Interfaclal  tension 
between  water  and  oil  may  have  a profound  effect  on  the  ability  of  a 
slick  to  remain  in  one  piece  under  the  actions  of  waves  and  wind  In  the 
sea. 

It  is  clear  from  the  above  brief  review  of  oil  physical  property 
changes  that.  In  any  physical  modeling  of  the  slick  behavior  under 
perturbing  forces , temporal  changes  of  properties  need  not  be  considered 
If  the  periods  of  Interest  are  of  the  order  of  days  or  a few  weeks 
after  the  evaporation  of  light  hydrocarbons.  The  properties  that  have 
to  be  used  In  the  analysis  of  course  should  be  appropriate  to  the  oil 
r<miainlng  at  the  Instant  of  concern.'  However,  In  the  context  of  the 
p esent  study,  the  period  of  Interest  would  be  the  Initial  24  hours 
to  72  hours  after  the  occurrence  of  a spill.  As  such  the  variation 
o the  properties  of  oil  during  this  period  Is  of  concern. 

2 3 Important  and  Unknown  Parameters  Affecting  the 

Dispersion  of  Unconfined  Oil  Slicks  on  the  Ocean 

The  behavior  of  oil  on  the  open  ocean  is  primarily  Influenced  by 
the  phenomena  that  occur  In  the  oceans.  These  include  the  air-sea 
Interaction,  the  wave  effects  and  the  oceanic  turbulence.  Any  analysis 
of  oil  dispersion  cannot  be  discussed  Independently  of  the  above 
featurrs  of  the  oceans  and  their  influence  on  the  fate  of  the  oil. 
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The  word  "dispersion"  is  used  rather  loosely  in  the  literature. 

Many  times  it  represents  the  movement  of  the  oil  slick  as  a whole  on 
the  water  surface  by  wind,  current,  and  wave  action.  It  is  also  used 
to  imply  the  breakage  of  the  oil  film  and  the  scattering  of  smaller 
volumes  of  oil  into  or  on  the  water.  Under  the  purview  of  the  present 
project,  "dispersed"  should  be  construed  to  be  that  state  of  the 
oil  from  which  essentially  none  can  be  recovered  by  mechanical  means 
from  the  ocean  because  either  the  oil  is  in  suspension  in  the  upper 
ocean  water  in  the  form  of  globules  (maintained  by  ocean  mixing  forces) 
or  the  main  slick  has  split  up  into  a number  of  smaller  sllcklets  which 
have  floated  away  from  each  other. 

The  problem  of  oil  dispersion  in  the  open  ocean  has  received  very 
limited  attention  in  the  literature,  and,  therefore,  only  scant 
information  is  available  on  the  types  of  forces  (parameters)  that 
affect  dispersion.  However,  there  exists  a considerable  body  of 
literature  dealing  with  the  wind-sea  interaction,  wave  spectra,  and 
other  ocean  dynamics  problems.  We  have  reviewed  below  the  importance  of 
some  of  the  physical  parameters  which  Influence  the  ocean  dynamics  and 
which  have  direct  bearing  on  the  dispersion  of  oil  slicks.  We  analyze 
first  the  parameters  relevant  to  the  description  of  the  sea  state,  i.e., 
the  parameters  that  may  influence  oil  dispersion. 

2.3.1  Description  of  Sea  State 

I 

a Known  parameters  and  relationships. 

A sea  state  is  generally  defined  by  the  spectral  distribution  of 
energy  in  waves  and  by  a parameter  called  the  significant  wave  height 
(H^).  The  fully  developed  sea  ( 'DS)  parameters  can  be  completely 
described  in  terms  of  a single  parameter,  viz.,  the  wind  speed.  These 
are  given  in  Table  2.2.  However,  in  the  case  of  a developing  sea, 
the  specification  of  significant  wave  height  is  insufficient  to  | 

describe  the  sea.  Wind  speed,  fetch  distance  and  duration  of  wind 
action  should  also  be  specified.  Altumatively , the  specification 
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height  of  highest  lOZ  waves 


of  a developing  sea  can  be  made  complete,  provided  the  wave  energy 
smd  the  wind  speed  are  specified. 

The  energy  spectrun  of  a partially  developed  sea  Is  calculated 
by  using  some  parts  of  the  fully  developed  sea  spectrum.  A sharp 
cut-off  Is  Introduced  at  an  appropriate  low  frequency  so  that  the  total 
wave  energy  is  equal  to  the  partially  developed  sea  energy.  For 
example,  if  the  Plerson-Moskowltz  spectrum  is  used  [Michel  1968]  we 
have  for  the  spectral  energy  density,* 


6 (M 

\Uu)/ 


where 


a - 8.1  X 10 


B - 0.74 


Also  the  significant  wave  height  is  given  by 

(r)  -7 


where  is  the  lowest  frequency  ("cut-off  frequency")  of  the  waves 
with  any  measurable  energy  contei  t. 

While  the  above  equation  pr<'vldes  a spectral  description  of  the 
partially  developed  or  fully  devt loped  sea  state.  It  provides  no 
Information  on  either  the  fetch  length  or  the  wind  duration  needed  to 
attain  the  given  sea  condition.  A parametric  chart  Involving  the  sea 
state  energy  (l.e.,  the  slgnlf lct..it  wave  height),  fetch  distance,  wind 
duration  and  wind  speed  has  been  given  by  Van  Dom  (1974).  The  chart. 


V 

The  total  wave  energy  per  unit  nominal  area  of  the  sea  Is  defined  by 
E"  ■P^y*e(w)  d(D 
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called  the  cutaulatlve  sea  state  diagram  (CSS  diagram).  Is  reproduced 
In  Figure  2.1.  This  figure  clearly  illustrates  the  effect  of  wind 
duration  and  fetch  on  the  development  of  the  sea  state.  For  a detailed 
description  of  how  this  chart  may  be  used  in  predicting  the  sea  state 
for  various  conditions,  reference  has  to  be  made  to  Van  Dorn’s  (1974) 
book. 

2.3.2  Influence  of  Different  Parameters  on  Sea  Conditions 

Table  2.2  Illustrates  comprehensively  the  effect  of  the  single 
most  Important  parameter,  the  wind  speed  U,  on  the  characteristics 
of  a fully  developed  sea.  It  is  seen  in  this  case  that  the  energy  in 
the  wave  field  Increases  as  the  4th  power  of  the  wind  speed  (and, 
therefore,  all  wave-height  parameters  Increase  as  the  speed  squared). 

The  minimum  duration  for  which  wind  has  to  blow  to  obtain  a fully 
developed  sea  is  somewhat  insensitive  to  the  speed  of  the  wind.  From 
a spectral  point  of  view,  as  the  total  wave  energy  Increases, 

(representing  a higher  sea  state),  the  frequency  at  which  the  energy  spectral 
density  (e  (u))  is  a maximum  tends  to  shift  towards  lower  frequency 
values.  However,  the  numerical  value  of  this  modal  frequency  depends 
on  the  particular  spectral  formula  used  to  describe  the  sea.  It  is 
recalled  that,  while  there  exist  several  correlations  for  the  sea  state 
spectrum,  no  one  is  universally  accurate  for  all  sea  conditions. 

In  the  case  of  developing  seas,  the  two  important  parameters  of 
Influence  are  the  wind  speed  and  the  duration  of  wind  action  (or 
alternatively  the  fetch).  The  C 5S  diagram  indicates  that  the  sea 
state  index  grows  very  rapidly  v Lth  wind  duration  at  first,  but,  as  the 
fully  developed  sea  (FDS)  is  approached, the  rate  of  rise  of  the  index 
becomes  small.  In  the  case  of  limited  fetch  and  high  winds  (as  generally 
is  the  case  in  roost  seas) , the  spectrum  would  have  a narrower  range 


*For  example,  in  a 20  knot  wind,  the  modal  frequency  is  about  0.11  Hz 
and,  in  a 40  knot  wind,  the  modal  frequency  is  0.056  Hz. 


2-23 


MAX.  FDS  PERIOD.  (SECONDS) 
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of  ideal  wave  periods.  Hence  the  waves  would  be  steeper  and  more  likely 
to  form  whltecaps  or  break.  In  other  words,  the  wave  heights  measured 
by  the  significant  wave  height  In  a fetch  limited  and  non-fully  developed 
sea  generated  by  high  winds  would  be  as  large  as  those  that  would  be 
produced  by  an  unlimited  fetch,  lower  wind  speed,  fully  developed  sea. 
Thla  may  be  understood  on  the  basis  that  in  fetch  limited  seas  the 
energy  is  transferred  from  the  wind  over  limited  distances,  but  at  a 
much  higher  rate  (because  of  high  wind  speeds)  whereas  In  FDS  the 
wind  action  takes  place  for  long  distances,  but  at  a low  energy  input 
rate  for  low  winds. 

2. 3. 3 Unknown  Parameters  in  the  Definition  of  Sea 
Conditions  Relevant  to  the  Oil  Dispersion 
Problems 

2. 3. 3.1  Energy  Dissipation 

When  the  sea  Is  fully  developed,  any  additional  energy  Input  from 
the  wind  Is  dissipated  In  the  sea  due  to  the  breaking  action  of  the 
waves.  This  energy  goes  into  creating  turbulence  In  water  which  Is 
ultimately  dissipated  by  viscous  friction  into  thermal  energy.  An 
attempt  has  been  made  to  quantify  energy  dissipation  in  breaking  waves 
(Longuet-Hlgglns,  1969)  but  the  quantitative  understanding  of  the  problem 
in  Its  entirety  Is  far  from  complete.  Longuet-Hlgglns  (1969)  has 
theoretically  predicted  the  expjcted  values  or  the  fraction  of  total 
wave  energy  lost  due  to  wave  br?aklng.  The  value  of  this  fraction 
Is  not  only  dependent  on  a dlme.islonless  constant  (called  the 
equilibrium  spectrum  constant  a;,  but  also  on  what  form  of  spectrum 
one  chooses.  Longuet-Hlgglns  has  shown  that  a Is  related  to  the  wind 
drag  coefficient  which.  In  turn,  is  a function  of  the  wind  speed 
(Ruggles,  1970).  The  energy  loss  fraction  (to)  Is  proportional 
to  the  exponential  of  (-  1/a),  and, therefore,  small  changes  In  the 
value  of  a tend  to  result  In  large  changes  In  u.  The  value  of  a Is 
In  the  range  (Longuet-Hlgglns,  1969): 

0.8  X lO"^  < o < 1.48  X 10“^ 
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%rhlch  results  in  the  following  range  of  values  for  the  estimated 
fractional  energy  loss  in  a single  wave  cycle: 


1.637  X lO”^  < w - e < 2.148  x lO”^ 

It  is  seen  therefore  that  a factor  of  two  uncertainty  in  the 
value  of  a results  in  approximately  a 3-order  of  magnitude  variation 
in  the  prediction  of  the  energy  loss  rate  from  wave  breaking. 

Therefore,  Longuet-Higglns ' formula  is  applicable  when  a very 
approximate  order  of  magnitude  type  of  calculation  of  wave  energy  loss 
is  being  made;  it  cannot  be  used  for  any  type  of  accurate  calculations. 

However,  a better  correlation  or  formula  is  not  available  at  the  present 
time. 

There  are  several  Important  ocean  parameters  which  may  have  a 
direct  bearing  on  the  oil  dispersion  but  whose  relationship  to  the 
sea  state  are  not  known  at  present.  These  parameters  are  discussed 
below: 

2. 3. 3. 2 Number  Density,  Size  and  Frequency 
of  Breaking  Waves 

It  is  a fair  assumption  that  breaking  waves  will  be  able  to 
disperse  an  oil  slick  verticall)  into  the  ocean  in  the  form  of  globules. 

Their  size  distribution,  frequeicy  of  occurrence,  number  per  unit  area, 
and  the  length  over  which  break: ng  action  occurs  are  all  unknown 
functions  of  the  sea  state.  An< ther  parameter  that  is  not  known  is  the 
fraction  of  energy  in  a single  I reaklng  wave  that  is  dissipated  under 
the  wave.  For  example , it  is  not  known  whether  the  rate  of  energy 
dissipation  of  energy  is  unlfoni  over  the  travel  length  of  waves  or 
whether  it  is  non-uniform.  Also,  it  is  not  known  how  this  energy  loss 
rate  is  related  to  the  size  of  the  breaking  waves. 

Another  feature  that  is  not  known  quantitatively  at  present  is 
the  behavior  of  breaking  waves  when  they  encounter  an  oil  slick.  Since 
the  oil  slick  Interferes  with  the  wind-water  interaction,  its  presence 
should  have  an  effect  on  waves.  It  is  reasonable  to  assume  that  large  . 

I 

I 
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breaking  waves  will  not  be  affected  by  oil  slicks  because  of  the 
enormous  energy  they  carry.  On  the  other  hand  small  amplitude  breaking 
waves  may  very  well  be  attenuated  by  oil  slicks.  The  value  of  the 
critical  height  of  breaking  waves  that  would  be  Influenced  by  an  oil 
allck  Is  not  known  at  present.  Another  phenomenon  that  may  occur 
Is  the  Initiation  of  breaking  at  the  edge  of  the  oil  slick.  This  may 
be  brought  about  by  the  kinetic  energy  of  a wave  being  arrested  by  the 
oil  slick  with  wave  breaking.  In  short,  the  effects  of  an  oil  slick 
on  the  behavior  of  breaking  waves  and  vice  versa  are  not  understood  to 
any  substantial  degree, and  no  quantitative  data  exist  at  present. 

2.3.4  Turbulence  in  the  Upper  Ocean  Layers 

The  ultimate  agents  in  the  ocean  that  influence  vertical  dis- 
persion of  oil  are  the  turbulent  velocity  fluctuations  in  the  upper  few 
I meters  depth  of  water.  Turbulence  within  the  ocean  is  generated  from 

a variety  of  energy  sources,  such  as  the  wind,  the  water  current,  the 
thermal  instability  motions  and  breaking  waves.  It  is  not  known  at 
present  v^ether  it  is  the  small-scale  turbulent  motions  that  are 
Important  for  the  vertical  dispersion  of  oil  or  whether  large-scale 
eddies  have  considerable  Influence.  These  latter  eddies  may  be 
generated  by  wave  motion  as  well  as  by  water  currents.  Only  experi- 
ments can  provide  definitive  answers. 

The  interest  and  the  research  in  ocean  turbulence  phenomena  are 
of  very  recent  origin, and  therefore  not  much  Information  is  available 
in  the  published  llteraturt  Besides,  researchers  are  primarily 
interested  in  different  scales  of  turbulence — oceanographers  and 
meteorologists  concentrate  on  large-scale  eddies  and  the  hydro- 
dynamlclsts  on  the  small-scale  eddies.  Unfortunately  however,  there 
has  been  almost  no  research  into  the  characteristics  of  the  turbulence 
in  the  top  few  meters  of  ocean  water  and  their  variations  in  different 
sea  conditions. 
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The  parameters  of  turbulence  that  Influence  oil  dispersion  Include 
Che  mean  square  velocity  fluctuations,  the  Integral  scale  of  turbulence, 
end  Che  turbulent  energy  spectrum.  In  addition,  the  spatial  and 
temporal  variations  of  these  quantities  In  different  sea  states  are 
essential  to  describe  the  turbulent  field  completely. 

Very  little  quantitative  data  are  available  In  the  literature  on 
the  above  parameters.  Stewart  and  Grant  (1962)  report  measurements 
at  various  depths  of  velocity  fluctuations  In  wafer  under  non^breaklng 
waves  at  relatively  low  wind  speeds  (6  m/s).  Their  data  Indicate  that 
the  Intensity  of  turbulence  Is  low  under  non-breaking  sea  conditions 
and  that  the  energy  dissipation  function  ( e ) Is  reasonably  constant 
within  the  first  2 m depth.  The  possibility  that  the  turbulence 
characteristics  measured  by  Stewart  et  al.  were  not  representative  of 
wave -generated  turbulence  (but  of  turbulence  generated  by  a current) 
has  been  alluded  to  by  these  authors.  Belyaev  et  al.  (1975)  have  also 
reported  similar  findings  but  with  higher  values  for  e,  which  extend 
to  larger  depths.  The  data  seem  to  Indicate  that  the  turbulence  was 
generated  by  a large  ocean  current  at  about  100  m depth.  The  range  of 
values  of  e reported  by  Stewart  and  Grant  (1962)  is 

3 2 

0.003  erg/cm  s < e < 0.03  erg/cm  s 

(at  13  m depth)  (at  depths  less 

than  2 m) 

and  the  range  given  by  Belyaev  et  al.  (1975)  la 

2 2 

0.037  erg/cm  s < e < 0.15  erg/cm  s 

(140  m depth)  (36  m depth) 

Kinsman  (1965)  Indicates  that  energy  associated  with  turbulence  In 
non-breaking  waves  Is  orders  of  magnitude  smaller  than  the  energy  In 
breaking  waves. 

Some  crucial  Information  regarding  the  upper  ocean  turbulence 
la  not  available  at  the  present  time.  For  example.  It  la  not  known 
%diat  fraction  of  energy  dissipated  by  a breaking  wave  results  In 
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geaer«clng  turbulent  eddies.  Also,  the  size  of  the  eddies  formed 
under  the  breaker,  the  spectral  distribution,  the  spatial  variation 
with  depth  of  turbulent  intensity  under  a breaker  and  the  energy  feed 
rate  into  turbulence  from  the  breaking  are  some  of  the  parameters 
whose  values  are  unknown. 

It  is  generally  assumed  that  the  characteristics  of  turbulence 
under  a spilling  wave  would  depend  On  the  height  of  the  wave  and, 
therefore.  Indirectly  on  the  sea  state.  It  Is  not  certain,  however, 
whether  turbulence  also  depends  on  the  presence  of  oil  In  suspension. 

It  is  very  likely  that  eddies  of  a size  much  larger  than  an  oil  globule 
would  not  be  affected,  but  smaller  size  eddies  certainly  should  be 
Influenced  by  the  presence  of  oil  particles  in  water. 

Lastly,  the  exact  mechanism  by  which  a spilling  wave  may  tear 
an  oil  film  and  produce  globules  of  oil  and  maintain  them  in  suspension 
is  unclear.  It  Is  reasonable  to  assume  that  the  size  distribution  of 
globules  will  to  some  extent  depend  on  the  spectral  distribution  of 
turbulence  In  the  ecean  water  surface  during  the  time  of  wave  breaking. 

The  magnitude  of  many  of  the  unknown  parameters  or  their  effects 
can  be  discerned  only  by  experimental  measurements.  Some  experiments 
can  be  performed  on  a small-scale  and  results  extrapolated  to  sea 
Conditions.  Some  others  may  be  obtainable  only  by  measurements  at  sea. 

2.3.5  Ocean  Currents 

The  effect  of  upper  ocean  currents  on  the  movement  of  oil  Is 
reasonably  well  understood.  Unconfined  slicks  tend  to  move  with  the 
current  at  the  water  surface  if  there  la  no  wind.  The  presence  of 
wind  and  the  earth's  rotation,  to  a lesser  extent,  seem  to  affect 
the  general  direction  of  motion  of  slicks. 

The  Interaction  between  an  ocean  current  and  an  unconflned  oil 
slick,  from  the  point  of  view  of  slick  stability  and  breakup  is  not 
known.  It  is  likely  thst  the  effect  of  the  current  is  Indirect 
(through  turbulence)  rather  than  direct  as  in  the  case  of  a confined 
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•lick.  The  current,  on  the  other  hand,  may  have  a profound  effect  on 
the  dlasolutlon  rates  of  various  water-soluble  fractions  of  the  oil. 
No  controlled  experiments  %d)ich  have  specifically  addressed  this 
question  have  been  reported  in  the  literature. 

2.3.6  Oil  Property  Parameters  and  their  Known  Influence 

The  breaking  of  a slick  and  its  subsequent  dispersion  will  be 
dependent  to  a considerable  extent  upon  the  physical  properties 
of  the  oil.  It  is  not  clear,  however,  which  of  the  properties 
have  significant  roles  In  the  dispersion  process.  In  fact  a recent 
demonstration  experiment  performed  by  Donnelly  (1976)  indicated  that, 
depending  on  the  type  of  oil  (crude,  refined,  linseed  oil,  etc.),  the 
sizes  of  oil  globules  formed  are  quite  different.  No  quantitative 
data  on  oil  breakup  and  dispersion  are  available.  However,  based  on 
the  analysis  of  the  behavior  of  the  oil  under  similar  physical 
circumstances  (contained,  spreading),  it  may  be  argued  that  the  oil 
density  and  surface  tension  (Including  any  surfactants  in  the  oil) 
play  Important  roles. 

The  density  of  crude  oil  (p^)varies  depending  on  the  source  and 
the  age  (of  the  slick).  The  range  of  density  values  given  by 
Dean  (1968)  for  crude  oil  is; 

3 

0.829  gm/cm  < p < 0.869 

o 

(Libyan  oil)  (K  iwalt  crude) 

The  densities  of  th^^  heavies  remaining  after  the  evaporation  of 
the  light  oil  fractions  In  crudes  of  Kuwaiti  or  Iranian  origin  are 
in  the  range  of 

1.023  gm/cm^  ^ Pu  . ^ 1.027 

heavies 

Detailed  physical  properties  and  compositions  of  crude  oils  from 
different  sources  in  the  world  have  been  given  in  crude  evaluation 
charts  published  by  Oil  and  Gas  Journal  (1963). 
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The  oil  density  has  e profound  influence  not  only  on  the  rate 
of  the  spreading  of  oil  flln  during  the  Initial  regimes  of  spread,  but 
also  on  the  terminal  velocity  of  rise  of  oil  globules. 

While  the  effect  of  density  change  on  spreading  and  globulatlon 
Is  well  understood,  the  rate  of  change  of  density  with  age  In  an  oil 
slick  Is  not  that  well-known.  It  Is  qualitatively  known  (and  In  a 
few  controlled  experiments  quantitative  Information  Is  available) 
that  the  hl^et  fractions  of  the  oil  evaporate  within  48  to  72  hours 
after  a spill,  leaving  behind  the  heavies  In  the  slick.  It  has  been 
argued  by  Dean  (1968)  that  the  heavies  may  behave  more  as  solids  than 
as  a continuous  liquid,  and  hence  probably  aggregate  In  the  form  of 
large  "droplets"  and  sink  (or  remain  In  neutral  suspension). 

The  quantitative  description  of  the  effect  of  ambient  temperature 
on  the  density  variation  of  oils  and  the  consequent  behavior  of  oil 
slicks  on  ocean  waters  of  different  temperatures  has  not  been  fully 
documented.  However,  several  Instances  are  known  In  which  oil  slicks 
were  barely  visible,  but  ultimately  considerable  quantities  of  oil  were 
washed  ashore. 

Surface  tension  (or  more  accurately  the  Interfaclal  tension) 

Is  another  important  oil  property  parameter  that  Influences  the 
dispersion  behavior  of  sllcka.  It  Is  likely  that  the  surface  tension 
determines  not  only  the  maximum  size  of  the  oil  drops  that  can  be 
formed  When  the  slick  breaks  up  Into  globules,  but  It  may  also 
Influence  the  thickness  at  whlcl  the  slick  may  breakup.  The  maximum 
size  of  oil  globules  formed  depends  on  the  square  root  of  the  surface 
tension  (Levlch,  1962);  that  la: 
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vhere 


6 ■ diameter  of  oil  drop  formed 

f ■ functloa 

o « surface  tension  of  oil 

0 and  p - water  and  oil  densities,  respectively, 
w o 


The  value  of  surface  tension  varies  with  the  composition  of  the 
crude  and  probab'y  Is  dependent  also  on  the  local  temperature.  It  Is 
certainly  very  sensitive  to  the  presence  of  any  surfactants  In  oil. 

A generally  accepted  value  for  a la  30  dynes /cm.  However,  no  Infor- 
matlor  is  available  on  the  variation  of  this  value  with  different 
crude  oils  or  Its  variation  with  time  (due  to  aging)  for  a given  crude. 
Fay  (1970)  has  assumed  that  a goes  to  zero  because  of  evaporation  and 
dissolution  of  a considerable  fraction  of  the  slick.  Based  on  this 
assumption  Fay  derives  the  following  expression  for  the  maximum  area 
of  slick  spread  In  calm  water: 


A » 

(max  area  of 
slick  spread) 


2 6 
o V 


p^v  D-^ 
w w 


1 
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where  o Is  the  Interfacial  tension  of  the  crude  before  aging  and 

-3 

S the  solubility  (order  of  magnitude  10  ).  The  above  formula  does 

not  take  Into  account  the  possible  slick  breakup  and  oil  dispersion 
by  waves  and  ocean  turbulence.  Because  of  the  l/4th  power  dependence 
on  surface  tension,  the  final  area  of  spread  Is  Insensitive  to  the 
errors  or  variations  In  the  value  of  a. 

The  viscosity  of  crude  oils  is.  In  general,  two  to  three  orders 
of  magnitude  higher  than  that  of  water.  Therefore,  In  the  spreading 
of  oil  on  calm  water  It  Is  the  viscosity  of  water  that  determines  the 
rate  of  spreading.  To  a large  degree  the  oil  viscoalty  has  no  effect 
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on  the  spread  behavior.  Similarly,  It  Is  expected  that  viscosity  of 
oil  will  not  play  any  role  In  either  the  formation  of  or  the 
subsequent  dispersion  of  oil  globules  In  water. 

2.3.7  Emulsification 

Host  of  the  earlier  discussion  has  been  based  on  the  assumption 
that  the  vertical  dispersion  of  oil  will  be  In  the  form  of  oil 
globules  In  water.  The  Torrey  Canyon  spill  has,  however,  demonstrated 
that  the  formation  of  water-ln-oll  emulsion  occurs  quite  rapidly 
at  sea.  The  emulsion  manifests  itself  in  the  form  of  very  stable 
"mousse"  containing  70  to  80Z  water  and  which  resembles  more  a gel  than 
an  oil  (Dean  1968).  This  mousse  floats  around  In  blobs  and  seems  to  be 
less  affected  by  wind  and  sun  than  are  oil  slicks. 

While  the  mousse  formation  Is  an  Important  factor  in  the 
dispersion  of  oil,  quantitative  information  on  the  conditions  under 
which  such  emulsions  are  formed  are  not  available. 

The  effect  of  breaking  waves,  the  physical  properties  of  oil,  and 
upper-ocean  turbulence  In  forming,  mixing  and  breaking  up  mousse  Is 
not  at  all  understood.  The  extreme  stability  of  the  mousse  may  be  due 
to  the  agglomeration  of  sea  surface  plankton.  Considerable  experimental 
work  needs  to  be  performed  before  a clearer  understanding  of  the 
emulsification  phenomenon  at  see  can  be  quantitatively  understood. 

2.4  Analysis  of  Existing  Dispersion  Models  and 

Identification  of  Important  Parameters 

A beginning  has  been  made  by  l.elbovlch  (1975,  (11))  to  model  the 
vertical  dispersion  of  oil  globules  In  an  open  sea.  The  model  provides 
an  expression  for  the  probability  density  distribution  of  oil  particles 
with  depths  as  a function  of  the  wind  speed.  The  following  are  the 
Important  results  from  this  model: 
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Important  Paramtcrs  Considered; 


2 

(1)  Mean  square  turbulent  velocity  fluctuations  (u'  )i 

(2)  Terminal  velocity  of  oil  drops  (Uj)  %Aiich  Includes 
oil  density  and  size; 

(3)  Wind  speed  over  the  ocean  *> 

Major  Unknowns 

(1)  Relationship  between  velocity  fluctuations  and  sea 
state; 

(2)  Droplet  size  distribution  and  Its  relationship  to 
the  sea  state; 

Major  Assumptions; 


(1) 

Scale  of  turbulence  (eddy  size)  much  larger 

than  the  oil  drops; 

(2) 

Steady  state  (stationary)  turbulent  field  which 

does  not  vary  with  depth  or  laterally; 

(3) 

The  motion  of  the  oil  drops  relative  to  the 

local  water  environment  Is  always  at  the 

appropriate  terminal  valoclty  (size  dependent). 

Results 

The  model  Indicates  that,  with  constant  "turbulent  diffusion 
coefficient,"  the  concentration  distribution  with  depth  is  exponential, 

1 • a • , 

C - 

Cq  e" 

where 

z is  the  depth,  z^  is  a "mixing  depth."  C and  are  respectively 

oil  volume  concentrations  in  water  at  depth  z and  at  the  water  surface. 

z is  related  to  the  turbulent  diffusion  coefficient  and  the  terminal 

velocity  by: 


2 


where 

X • turbulent  diffusion  coefficient  (assumed  by  Leibovich 

to  be  proportional  to  the  square  of  the  mean  wind  speed) 

> terminal  velocity  of  oil  globules. 

There  are  some  limitations  to  the  model  proposed  by  Leibovich. 

His  model  assumes  that  all  of  the  oil  is  in  suspension  at  any  given 
time.  This  is  equivalent  to  assuming  that  the  surface  is  a perfect 
reflector.  In  effect  the  model  disallows  the  possibility  of  formation 
of  a partial  film  of  oil  on  water.  The  second  limitation  in  his  model 
is  the  assumption  of  stationary  (non-time  dependent)  turbulence. 
Leibovich  has  argued  that  most  of  the  turbulence  Is  produced  by  breaker 
waves.  In  such  a case  the  turbulence  is  highly  non-statlonary  and  is 
spatially  varying.  This  non-statlonary  and  intermittent  character 
of  turbulence  causes  the  oil  globules  to  behave  in  a different  way  than 
has  been  suggested  by  Leibovich. 

The  use  of  turbulent  diffusion  coefficients  which  have  been 
correlated  from  dye  dispersion  studies  is  questionable.  The  dye 
dispersion  gives  only  gross  estimates  of  the  average  conditions  in 
the  sea.  The  fundamental  dlffeience  between  oil  and  dye  is  chat  the 
former  is  buoyant  while  the  latter  is  not;  therefore,  whenever  the 
perturbation  subsides,  oil  tends  to  collect  up  at  the  surface. 
Laboratory  studies  on  turbulent  diffusion  coefficients  in  the  presence 
of  waves  indicate  that  variations  by  orders  of  magnitudes  are  possible 
In  the  value  of  the  diffusion  coefficient.  Therefore,  the  use  of  a 
single  correlating  equation  to  obtain  a diffusion  coefficient  from 
speed  Is  to  be  questioned. 
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Vftiile  the  statistical  approach  to  establishing  the  oil  concentration 
distribution  is  somewhat  novel,  the  ultimate  result  obtained  by 
Leibovich  has  been  obtained  for  sediment  distributions  in  a river 
by  using  more  direct  physical  concepts  (see  Talln,  1972).  As  such  the 
model  is  not  new,  only  its  application  to  oil  recovery  in  sea  is  new. 
However,  some  fundamental  differences  between  a sediment  transport 
phenomenon  and  the  oil  dispersion  in  breaking  wave  conditions  seem  to 
have  been  ignored.  ' 

» 

Other  Models: 

There  do  not  seem  to  be  any  other  "globular  dispersion"  models 
available  in  the  literature.  Other  stability  models  reported  in  the 
literature  deal  almost  exclusively  with  the  stability  of  oil  slicks 
when  contained  by  booms.  These  models  are  not  reviewed  in  this  report, 
because  of  the  considerable  differences  in  the  physical  situations, 
viz.,  boomed  as  against  unconflned  oil  dispersion.  Other  models  on 
"dispersion"  are  of  only  marginal  interest  inasmuch  as  these  models 
consider  the  "movement"  of  oil  slicks  en  masse  on  the  water  body. 

2. 5 Conclusions 

The  review  of  the  literature  and  analysis  of  one  of  the  relevant 
physical  models  on  the  dispersion  of  oil  on  the  ocean  lead  to  the 
following  conclusions: 

e Even  though  the  wind-wave  interaction  and  the  characterization 
of  the  sea  for  given  conditions  of  the  sea  are  reasonably  well 
understood,  there  are  many  questions  that  remain  unanswered. 

These  have  to  do  with  the  probability  of  breaking,  energy  loss 
in  breaking,  and  the  number  of  breaking  waves  per  unit  area 
of  the  sea,  all  as  functions  of  the  sea  state. 

• Very  little  is  known  about  the  upper-ocean  turbulence,  its 
generation,  and  characteristics. 
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• The  interaction  between  wind  and  waves  In  the  presence  of  a 
large  oil  slick  is  unknown  and  has  not  been  studied. 

• The  weathering  of  an  oil  slick  on  the  ocean  and  consequently 
Its  property  changes  are  not  known  to  any  degree  of  accuracy. 

• The  variation  of  the  physical  properties  of  crude  with  the 
components  has  not  been  measured. 

a To  understand  the  dispersion  of  oil  Into  the  water  column 

In  the  form  of  oil  globules  held  In  suspension.  It  Is  essential 
to  have  data  on  the  size  distribution  of  oil  globules  (this 
distribution  may  be  a function  of  the  phenomena  which  create 
the  globules — such  as  a breaking  wave)  and  the  details  of  the 
upper-ocean  dynamics. 


CHAPTER  3 

ORDER-OF-MAGNITUDE  ESTIMATES  OF  LIMITING  SEA  STATE 
FOR  DISPERSION 


3.0  Summary 

In  this  chapter  several  analyses  are  performed  to  delineate  the 
minimum  sea  state  In  which  crude  oil  tends  to  disperse.  In  the 
calculations  presented,  the  emphasis  has  been  on  using  basic  physical 
laws  and  obtaining  order  of  magnitude  estimates  for  the  sea  conditions. 

The  chapter  has  three  main  parts.  In  the  first  part,  estimates 
are  made  for  the  energy  in  various  systems  having  a bearing  on  the  oil 
dispersion  in  the  sea.  Subsequently  an  analysis  based  on  the  intrinsic 
thermodynamic  stability  of  films  is  given.  Finally,  the  globular 
dispersion  of  oil  in  the  sea  is  analyzed  and  order  of  magnitude  estimates 
are  obtained  for  the  minimum  sea  state  for  such  a dispersion. 

3.1  Introduction 

It  is  a common  observation  that  when  large  quantities  of  crude  oil 
are  spilled  accidentally  into  c« Im  oceans,  the  oil  slick  formed  persists 
for  several  days.  However,  the  slick  undergoes  mass  loss  due  to  the 
evaporation  of  the  more  volatile  components  of  the  crude  and  the 
dissolution  of  the  water  soluble  compounds.  As  the  slick  spreads  and 
thins  out,  it  becomes  less  and  less  stable  and  may  ultimately  break 
up.  This  is  probably  due  to  the  fact  that  even  the  "calm"  sea  consists 
of  waves  and  other  disturbances  to  which  the  thin  oil  film  is  subjected. 
The  thickness  of  the  oil  film  which  tears  under  such  "calm"  conditions 
is  about  50  to  100  microns. 
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It  is  also  possible  that  the  slick  breakup  Is  a phenomenon  brought 
about  by  the  variation  of  oil  properties  (especially  the  surface  tension) 
over  the  slick  caused  by  the  difference  in  the  volatilization  and  evap- 
oration rates  from  different  parts  of  the  sUck.  The  oil  slick  breakup 
seems  to  occur  by  the  selective  thinning  out  of  certain  regions  around 
a nucleus  (which  is  thick)  and  ultimately  forming  smaller  slicks  inde- 
pendent of  the  "mother"  slick.  Such  a dispersion  could  be  termed  the 
"slicklet"  dispersion.  Under  rough  sea  conditions  such  a slicklet  dis- 
persion may  be  accelerated  by  the  action  of  waves,  particularly  by  breaking 
waves . 

While  the  above  observations  are  well  known  and  are  documented  in 
the  literature,  it  is  not  known  how  the  same  oil  slick  would  behave  under 
more  severe  sea  conditions.  It  is  very  likely  that  the  response  of  the 
oil  slick  to  a severe  sea  state  would  depend,  to  a larger  extent,  on  the 
type  of  crude  oil,  the  age  of  the  slick  following  the  spill,  and  of 
course  the  severity  of  the  sea  itself.  There  are  no  known  observational 
data  on  which  to  infer  how  an  oil  slick  would  disperse.  It  is  possible 
that  the  oil  slick  would  be  tom  apart  into  fine  globules  of  oil  which 
might  remain  in  suspension  under  water,  or  the  slick  might  simply  break 
up  into  several  smaller  pieces,  or  both  types  of  dispersions  might  coexist. 
In  a severe  sea,  the  condition  (of  agitation)  at  a given  location  would 
be  a strong  function  of  time,  and  therefore  there  may  be  strong  Interflow 
between  the  oil  in  suspension  and  that  in  the  form  of  small  slicks. 

With  this  background  pictur*  of  oil  dispersion  in  severe  sea 
conditions  in  mind,  we  made  several  analyses  using  only  basic  principles 
and  estimates  of  order  of  magnitude.  This  chapter  contains  the  principles 
of  the  analyses  and  the  main  res\»lts  and  conclusions  therefrom.  Detailed 
derivations,  calculations,  etc.  have  also  been  indicated. 
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The  analyses  begin  in  Section  3.2  with  consideration  of  the  energy 
involved  in  various  physical  phenomena,  such  as  the  wave,  the  wind,  and 
gravitational  energy  in  keeping  an  oil  globule  in  suspension,  etc.  The 
primary  purpose  of  this  analysis  is  to  obtain  an  understanding  of  the 
magnitudes  of  the  energies  involved  and  to  determine  the  fraction  of 
wave  energy  needed  to  break  oil  slicks. 

In  Section  3.3,  a thermodynamic  stability  analysis  is  developed  to 
calculate  a criterion  for  the  breakup  of  an  oil  film.  The  results  of  this 
analysis  will  give  an  upper  bound  (most  severe)  on  the  minimum  conditions 
in  which  an  oil  slick  may  break  up.  Several  unknowns  are  Identified.  In 
this  analysis  several  "technical  liberties"  are  taken  to  "stretch"  the 
applicability  of  the  analysis  from  monomolecular  layers  to  oil  slicks  of 
finite  thickness. 

Section  3.4  deals  with  the  characterization  of  the  globular  disper- 
sion. In  Section  3.4.1,  a globulation  criterion  is  derived  which  gives 
the  minimum  conditions  necessary  for  "pulling"  into  water  a globule  of 
oil  from  the  floating  slick.  This  analysis  is  based  on  the  assumption 
that  the  turbulent  pressure  fluctuations  in  water  cause  an  Instability 
in  the  slick  and  produce  oil  globules.  In  Section  3.4.2  another  approach, 
using  the  Kelvin-Helmholtz  instability  criterion,  is  indicated. 

The  effect  of  wind  in  generating  turbulent  velocity  fluctuations  in 
water  is  analyzed  in  Section  3.5.  This  is  an  order  of  magnitude  esti- 
mate. The  result  obtained  from  this  analysis  provides  a link  between 
the  water  velocities  generated  by  waves  and  the  turbulent  velocities. 

Finally,  in  Section  3.6,  an  estimation  is  made  to  determine  the 
minimum  sea  state  in  which  oil  globulation  may  begin,  l.e.  , when  there  is 
"incipient  globulation."  This  sea  state  is  characterized  in  terms  of  the 
significant  wave  height  of  a fully  developed  sea. 

3.2  Energy  Estimates 

In  this  section  we  consider  the  energies  of  various  states  on  an 
order  of  magnitude  basis.  The  energies  of  importance  are: 
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• Surface  energy  stored  In  the  oil  globules, 

• Gravitational  energy  required  to  keep  the  globules 
in  suspension, 

• Rate  of  energy  transfer  from  wind,  and 

• Energy  in  wave  motion. 

3.2.1  Surface  Energy  and  Gravitational  Energy 

Consider  a unit  surface  area  (plan  area)  in  the  sea  in  which: 

the  mean  oil  film  thickness  = b, 

the  mean  diameter  of  oil  globules  formed  = d, 

the  surface  tension  of  oil  = o , 


the  mean  depth  at  which  the  globules  are 
held  suspended 


h,  and 


the  density  of  oil 


Hence : 


the  surface  energy  stored  in  one  globule 


= a TT  d , 


the  gravitational  energy  stored  in  one 
globule 


-6~  ~ Po^  and 


the  total  number  of  oil  globules  of  diameter 
d that  can  be  formed  in  a unit 
area  and  thickness  b 


Therefore , 


the  surface  energy  required  to  form  globules 
of  diameter  d from  an  oil  film  of  thick- 
ness b in  a unit  nominal  area 


-,  and 


the  gravitational  energy  required  to  keep 
these  globules  in  suspension 


b(Pw  - Pq)  gh.  3.2 
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Numerical  Values 


For  the  sake  of  estimating  the  magnitudes  of  the  energy  terms , we 
assume  the  following  values. 

-3 

b =5mm«5xl0  m 
-3 

d “ 1 mm  “ 10  m 
h “2m 

-2  2 

a “30  dynes /cm  “ 3 x 10  J/m 

3 3 

p “0.9  gm/cm  “ 900  kg/m 

3 

“ density  of  water  “ 1000  kg/m 
Substituting  In  Equations  3.1  and  3.2,  we  get; 


The  surface  energy  stored  In  oll/unlt  area 
of  sea 


6 X 5 X 10 


10 


-3 


X 3 X 10 


0.9  J/vi 


The  gravitational  energy  stored  In  oll/unlt 

area  of  sea  surface  = 5 x 10  (1000-900)  9.8  x 2 

“ 9.8  J/m^ 

From  the  above  calculation,  It  Is  readily  seen  that  the  gravitational 
energy  required  to  keep  the  oil  drops  in  suspension  (at  a 2-meter  depth) 
far  exceeds  the  energy  required  to  make  the  drops  out  of  a horizontal 
oil  film. 


3.2.2  Energy  Transfer  from  Wind 

We  assume  the  following  typical  values  to  estimate  the  order  of 
magnitude  of  energy  transfer  from  the  wind: 


wind  speed  “ U “ 5 m/s 

wind  friction  velocity  » u*  “ 0.04  U “ 0.2  m/s 
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surface  drag  coefficient  between  wind 
and  wavy  water 

density  of  air 


^ ■ 


- 0.01 

1.2  kg/m^ 


Hence,  the  rate  of  energy  transfer  to  a unit  area 
of  sea  surface 


E",  . - ^ P C_  u* 

wind  2a  D 


y X 1.2  X 5^  X 0.01  X 0.2 


0.03  J/m^  s 


3.2.3  Energy  Contained  in  a Wave 

The  following  typical  values  of  wave  parameters  are  assumed: 

wave  amplitude  ■ a ••  1 m 

wave  phase  speed  “ c “ 6 m/s 

(corresponding  to  about  a 25  m wave  length 
in  deep  water.) 

Hence,  the  wave  energy  contained  in  a unit 

1 2 

surface  area  E"  “ y 

- y X 1000  X 9.8  X 1 - 4900  J/m^ 

Rate  of  energy  flow  across  an  area  of  1 m width  normal  to  wave 
propagation  direction  with  infinite  depth  • fi"  y 

- 4900  X 3 

- 14,700  J/ms 

However,  it  should  be  noted  that  this  enormous  energy  flow  is  con- 
tained in  the  wave  system  and  only  a small  part  of  it  may  be  dissipated 
in  viscous  dissipation  by  turbulent  eddies. 

3.2.4  Terminal  Velocity  and  Globule  Residence  Time 

Assuming  that  the  oil  globules  penetrate  the  water  to  a depth  of  h, 
the  residence  time  can  be  estimated  as  follows: 

residence  time  ■ t ■ — 3.3 


3-6 


where 


“ 1.81  i/d  (m/s  for  d In  meters)  3.4 

The  above  equation  is  applicable  for  oil  density  0.9  gm/cm^. 

For  a 1-mm  diameter  drop,  u^  = 6 cm/s 

Hence,  for  h - 2 m,  the  residence  time  t^  - 35  s. 

The  energy  transferred  by  wind  of  5 m/s  in 

2 

the  duration  t^  » 0.03  x 35  = 1 J/m 

It  Is  seen  from  the  calculations  Indicated  In  subsections  3.2.1 
through  3.2.4  that: 

• The  energy  required  to  form  the  drops  Is  about  an  order 
of  magnitude  smaller  than  the  energy  required  to  keep  the 
same  drops  In  suspension. 

• The  energy  content  In  a wave  Is  enormous,  and  a very  tiny 
fraction  of  wave  energy,  if  tapped,  would  be  sufficient  not 
only  to  form  oil  drops  but  also  to  keep  them  In  suspension 
In  water. 

• Energy  supplied  by  wind  of  5 m/s  In  30  seconds  Is  sufficient  to 
provide  for  the  surface  energy  to  make  the  oil  drops.  Within 
the  rise  time  of  the  1 mm  diameter  globules  from  a depth  of 

2 m,  the  energy  supplied  by  wind  Is  1 J/m  , whereas  about  10  J/m 
are  needed  to  provide  the  gravitational  energy  to  push  the 
globules  to  a 2 m depth.  This  Indicates  that  If  the  wind  Is 
the  only  energy  source  for  putting  the  globules  In  suspension 
a penetration  depth  of  2 m Is  Impossible.  However,  since  the 
energy  transfer  rate  from  wind  Is  directly  proportional  to  the 
cube  of  the  wind  velocity,  a 12  m/s  wind  (25  knots)  would  be 
able  to  provide  the  necessary  energy  Input  to  push  1 nn  drops  to 
a 2 m depth. 
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The  problem  of  predicting  the  conditions  under  which  a liquid  film 
breaks  up  has  fascinated  researchers  in  a variety  of  disciplines  including 
thermodynamics.  Slattery  (1975)  has  derived  thermodynamic  criteria 
for  the  collapse  of  monomolecular  films,  based  on  the  ideas  of  entropy 
maximization.  Beegle  et  al.  (1974)  have  derived  general  stability 
criteria  for  pure  substances  and  mixtures  using  Legendre  Transform 
techniques.  Though  no  "criterion"  exists  for  predicting  the  break  up 
of  thick  oil  films  on  the  ocean,  an  attempt  will  be  made  here  to 
derive  a criterion  based  on  the  approach  of  Beegle  et  al.  This  will 
at  least  Illustrate  the  areas  of  future  work.  The  applicability  of  the 
stability  criterion  to  an  oil  film  can  be  transformed  to  a sea  state  index 
provided  the  relationship  among  various  parameters  is  known. 

For  the  surface  phase  (oil  layer) , let  the  internal  energy 
be  a function  given  by 

U = U ( S , N N N , A)  3.5 

— — — 1 ti—i  n 

where  is  the  total  energy  of  the  film,  £ the  total  entropy, 

A the  area,  and  the  moles  of  specie  in  the  film. 


From  Beegle  et  al.  (1974),  the  criterion  for  thermodynamic 
stability  of  the  film  is: 


where  in  a n-component  system: 

'a  y 


3.7 


3 X 


h 


(1  ¥ j) 


and  Xj  represents  the  independent  variable  in  Equation  3.5.  With 
the  ordering  of  variables  Indicated  in  Equation  .’.5,  we  get,  with 


Vi  - ^ 


*n+l 


V */  S,  N„.j.  »„ 


where  y,  by  definition, is  the  Interfacial  tension.  Hence, 
from  Equations  3.6  and  3. 8, we  have: 


3.8 


(S) 


> 0 


T,  Wi.Uj— 


.th 


%»here  Pj  is  the  chemical  potential  of  j specie  and  Is 
the  total  moles  of  components  in  area  A. 

Now  the  molar  area  density  is 


* * \ 3A  / _ „ 


N 


_n 

.2 


Hence  substituting  Equation  3.11  in  3*9,  we  get  the  stability 
criterion  as 


/ll  \ 

I 3Pn  1 

\ — Vl 


< 0 


3.9 


3.10 


3.11 


3.12 
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Equation  3.12  is  a useful  relation  to  determine  the  Intrinsic 
stability  criterion  of  oil  fllms«  provided  one  has  an  equation  of  state 
relating  Interfaclal  tension  y to  composition;  unfortunately,  this  Is 
almost  never  possible  to  obtain. 

If,  however,  we  assume  that  the  surface  layer  of  oil  is  a pure 
component  (or  the  mixture  Is  composed  of  chemical  compounds  which  are 
similar  In  physical  behavior),  then  Equation  3.12  becomes  for  stability. 


where  the  restriction  of  constant  pressure  has  been  dropped  since  for 
the  cases  of  Interest  here,  the  pressure  Is  atmospheric. 

Equation  3.13  states  that  for  a stable,  Isothermal  surface  layer, 
an  increase  in  the  surface  density  of  the  layer  leads  to  a decrease  In 
the  Interfaclal  tension  y.  Suppose  we  consider  such  a surface  layer 
of  oil  In  a sea  with  wave  action.  The  oil  film  will  be  compressed  and 
stretched  alternatively,  i.e.,  p will  Increase  and  then  decrease. 

Expansion  will  lead  to  larger  value  of  y (as  can  be  seen  from  Equation 
3.13,  and  the  film  will  become  stronger  whereas  compression  will 
reduce  y.  However,  In  these  cyclic  variations  there  may  result  a point 
where  the  stability  criterion  (Equation  3.13)  will  be  violated.  At  this  point, 
the  surface  layer  collapses  and  oil  will  be  forced  Into  the  bilk  water. 

In  order  to  determine  the  sea  state  at  which  this  instability  may 
result.  It  Is  essential  to  have  the  data  on  the  variation  of  y with  p 
for  oils  of  various  fractions.  With  these  data,  the  value  of  p ■ p* 
atwhich^l^^-  0 can  be  determined.  In  any  sea  state  there  will  be 
the  alternate  stretching  and  ccupresslon  of  an  oil  film  due  to  the 
waves.  The  maximum  compression  of  a film  of  oil  can  be  obtained  In 

terms  of  wave  parameters.  (This  may  require  solvinR  the  comnlete 
hydrodynamic  equations  for  the  oil-water  system.  However,  a simpler, 
but  an  approximate  analysis  is  shown  In  Section  A. 2).  Intrinsic 
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thermodynamic  Instability  of  the  oil  slick  can  then  be  determined  by 
determining  the  sea  state  parameters  that  result  in  a surface  density 
p*  for  the  slick. 

Unfortunately,  however,  such  a calculation  cannot  be  made  at  the 
present  time  because  of  the  nonavailability  of  the  y vs.  p data  for 
oil.  Besides,  the  calculation  of  the  variation  in  area  density  of  an 
oil  film  (alternatively  the  thickness  of  an  oil  layer)  with  time  and 
spatial  position,  when  the  film  is  subjected  to  even  a simple  sinusoidal 
wave,  is  an  extremely  complicated  task. 

3.4  Globulatlon  Criterion 

When  a calm  sea  is  subjected  to  the  action  of  a wind,  as  in  a 
storm,  the  waves  build  up,  with  predominantly  long  wavelength  waves.  In 
addition,  the  wind  shear  stress  on  the  water  surface,  as  well  as  breaking 
action  of  the  waves,  results  in  a turbulent  upper  ocean  surface.  If  we 
now  consider  a situation  in  which  there  exists  an  oil  slick  of  uniform 
thickness  subjected  to  the  action  of  increasing  sea  states  (due  to  a 
storm) , it  is  postulated  that  there  results  a situation  in  which  globules 
of  oil  will  be  torn  off  the  oil  film.  This  tearing  is  accomplished  pri- 
marily by  the  turbulence  in  the  water.  It  is  the  purpose  of  the  order- 
of-magnltude  analysis  developed  below  to  derive  a criterion  for  such  an 
incipient  globulatlon  to  occur. 

3.4.1  Globulatlon  Due  to  Turbulent  Pressure  Fluctuations  in 
Water 

Consider  the  situation,  shown  in  Figure  3.1,  in  which  an  oil  layer 
of  a given  thickness  on  water  is  being  subjected  to  wave  action.  The 
domain  is  assumed  to  be  infinite  in  a plane  normal  to  the  paper  so  that 
there  are  no  effects  on  boundaries.  We  first  derive  the  conditions  under 
which  a globule  will  be  formed  as  a function  of  the  intensity  of  tur- 
bulence. Subsequently,  the  intensity  of  turbulence  will  be  related  to 
the  sea  state  parameters  to  obtain  limiting  sea  state  value. 

Figure  3.2  is  a schematic  illustration  of  the  forces  on  an  oil  drop 
attached  to  the  oil  slick  subjected  to  wave  action.  It  is  assumed  that 
the  acceleration  effects  of  water  (subjected  to  wave  motion)  on  the  oil 
drop  are  negligible. 
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FTCl''"^  3.1:  OIL  LAYER  RIDING  A WAVE.  ANALYSIS  OF  INCIPIENT  GLOBULATION 


Gravity  direction 


Turbulent  pressure  fluctuations 


FIGURE  3.2:  SCHEMATIC  REPRESENTATION  OF  THE  FORCES  ON 
A PENDULAR  GLOBULE  OF  OIL 


Consider  « hemispherical  drop  of  oil  of  radius  "r"  (see  Figure  3.2) 
protruding  Into  water  below  the  mean  film  level.  The  root  mean  square 
fluctuating  pressure  p 


hat  will  be  capable  of  separating  the 


oil  drop  from  the  main  oil  film  Is  obtained  by 


p*  ir  r 
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"suction"  buoyancy  force 

force 


surface 

tension 

force 


For  turbulent  pressure  fluctuations  In  water  we  have 


* 

P 'V 


3.15 


. 2 

where  u Is  the  mean  square  fluctuating  velocity  (a  measure 
of  Intensity  of  turbulence). 

Hence  from  Equations  3.14  and  3.15,  we  have: 


-:°)  r + ^ 
0 P 

^w  w 


1 

r 


3.16 


A plot  of  Equation  3.16  Is  shown  In  Figure  3.3.  It  can  easily 
be  shown  from  Equation  3.16  that  oil  drops  are  formed  only  if  the 
turbulent  fluctuation  intensity  exceeds  a minimum  value  given  by 


where  the  size  of  the  drop  formed  at  the  above  intensity  is  given 
by 


3.17 


r 

c 


‘’o) 


3.18 
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Radius  of  Oil  Drop  Formed,  r (mm) 

FIGURE  3-3  DROP  SIZE  FORMED  AS  A FUNCTION  OF  INTENSITY  OF  TURBULENCE 
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As  can  be  seen  from  Figure  3.3,  any  Increase  In  the  turbulent 
Intensity,  over  and  above  the  minimum  value  predicted  by  Equation  3.17, 
results  in  globules  of  at  least  two  sizes;  which  of  the  sizes  Is  more 
abundant  in  a given  situation  cannot  be  predicted  by  the  simple  analy- 
sis given  above. 


To  obtain  a feel  for  the  numerical  magnitudes  of  the  values  of  the 
parameters,  we  give  below  an  illustrative  calculation.  We  assume: 


Surface  tension  of  oil 
Density  of  oil 
Acceleration  due  to  gravltv 


o ••3xlO^N/m 

0 ■ 900  kg/m^ 

o 

^ 9.8  m/s^ 


Hence,  from  Equation  3.17,  th  miiilmu-.  tuii.'lent  intensity  needed  is: 


-2  2 2 
2.5  X 10  m /8‘‘ 


Hence,  we  have 


Radius  of  oil  drop  formed  at  the 
above  turbulent  intensity 
(Equation  3.18) 


- 0.^5  m/s 


r 

c 


9.58  X 10 


-3 

m 


3.4.2  Globulation  Criterion  Based  on  a Kelvin-Helmholtz  Type 
Instability 

When  there  exists  a relative  velocity  at  the  interface  of  two  fluids 
of  different  density,  the  inviscid  solution  to  the  equation  for  the  inter- 
facial  wave  indicates  that  under  certain  conditions  an  instability  may 
develop  (see  Lamb  (1932),  page  462).  This  Instability  is  called  the 
Kelvin-Helmholtz  instability  and  occurs  when  the  wavelength  of  the  inter- 
facial  waves  exceeds  a certain  minimum  value.  We  utilize  these  ideas  and 
obtain  an  estimate  for  the  turbulent  velocity  fluctuations  in  water  to 
cause  such  an  instability  at  the  oil-water  interface. 

Consider  a situatioi  in  which  the  turbulent  velocity  fluctuation  in 
water  close  to  the  oil  wat^  Interface  has  a value  V u' ^ . If  we  assume 
the  turbulence  to  be  isotropic  and  the  velocity  fluctuations  to  have 
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zero  mean,  then  on  the  average.  In  a given  duration,  water  will  be 

n 

Boving  in  a given  direction  at  a speed  / u'  for  one-half  of  the 
duration  and  in  the  opposite  direction  with  the  same  speed.  We 
now  analyze  the  situation  in  which  water  is  moving  parallel  to  the 
oil-water  Interface  (at  any  instant)  at  a speed  given  by 
/ 2 

/ u'  and  assume  that  there  are  no  such  speeds  in  oil  (because  of 
high  viscosity).  Then  the  relative  speed  between  water  and  oil 

/ "2 

over  this  small  time  duration  will  be  equal  to  /u'  . We  also  assume 
that  because  of  this  relative  speed,  a local  interfacial  wave  occurs. 


Lamb  (1932)  has  shown  that  the  Interfaclal  instability  grows  when  - 
relative  speed  magnitude 


1 + 8 

> c 


/T 


min 
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l.e. , /u'^  > 


1 + s 


“min 
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%diere  ® “ Pq  / “ specific  density  of  oil  relative  to  water 


min 


minimum  value  of  the  phase  speed  of 
capillary  waves. 


c‘,  - 2 

Bin 


^_o_ 


Pw  (1-s) 


1 

I 


where  o > surface  tension  of  oll> 

This  minimum  speed  occurs  at  a wavelength  \ , given  by 


Bln 


- 2n  ^ 


g(l-8)p,. 
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3.22 
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Substituting  Equation  3.21  In  3.20,  we  can  obtain  an  estimate  of  the 
minimum  turbulent  velocity  fluctuations  necessary  for  producing 
Instability  In  the  oil-water  interface. 

We  now  interpret  the  interfacial  instability  as  a globulation 
phenomenon.  Then  the  size  of  the  globule  formed  can  be  estimated 
from  the  wavelength  of  the  Interfacial  wave,  assuming  that  the  oil  film 
within  half  of  a wavelength  breaks  up  to  form  a globule.  That  is: 


'c  ■ '’(r^.nln) 

Substituting  Equations  3.21  in  3.20  and  3.22  in  3.23,  we  get,  respectively 


1 


■ A 

' 1 + s ^ 

r go  (i-s) 

2 

3.2^ 

. s / 

L p„  J 

and  r » 0 

c 

^ — X N = 

IT  r~cj 

3.25 

2 yg(p^- 

Po> 

If  we  use  the  numerical  values  assumed  in  Section  3.4.1, we  get, 
from  Equations  3.24  and  3.25,  respectively: 


and  r„ 
c 


0.1513  m/s 
8.69  X lO"^  m 


Comparisons  of  Equations  3.17  and  3.25  and  Equations  3.16 
and  3.25  indicate  tMat  the  final  results  obtained  by  two  completely 
Independent  approaches  have  the  same  forms  (differing  in  only  constant 
factors  for  a given  oil  density) . The  analyses  therefore  give  a 
reasonable  estimate  for  the  minimum  velocity  of  turbulence  necessary 
for  globulation  and  also  indicate  the  expected  size  of  the  globule 
(which  is  about  1 cm  in  radius) . 
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3.5  Turbulent  Velocity  Fluctuations  In  Water  Due  to  Wind 

A wind  blowing  over  an  ocean  transfers  momentum  to  water  In  the 
form  of  both  shear  stresses  and  normal  forces.  In  addition,  the  scale 
of  motion  of  wind  in  the  atmosphere  is  auch  that  the  flow  is  always 
turbulent.  Tn  effect,  a significant  part  of  the  stress  on  the  water 
is  caused  by  turbulent  fluctuations  (Reynolds  stresses). 

It  may  be  argued  that  the  fluid  motions  on  the  water  side  are 
also  turbulent  — at  least  for  describing  the  water-air  interface 
stress  effects.  Turbulent  motion  is  synonymous  with  the  distortion 
of  vorticity.  Hence,  in  estimating  turbulent  velocity  fluctuations 
in  water,  it  is  preferable  to  estimate  first  the  vorticity  fluctua- 
tions. The  method  described  below  is  based  on  the  above  physical 
ideas . 

The  objective  of  the  analysis  performed  in  this  section  is  to 
obtain  an  order  of  magnitude  relationship  between  wind  speed  and  the 
turbulent  intensity  in  water  in  an  ocean.  Knowing  such  a relation- 
ship and  the  nature  of  the  sea  state  induced  by  the  w^d , one  can 
develop  a relationship  between  turbulent  velocities  in  water  and  sea 
state.  An  inherent  assumption  in  such  an  analysis  is  that  the  tur- 
bulence in  the  upper  ocean  waters  is  generated  only  by  the  wind.  This 
may  not  always  be  the  case. 

Analysis 

Since  the  Reynolds  number  of  flow  both  in  air  and  ip  water  is  very 
high*  (Reynolds  number  is  based  on  mean  flow  velocity  and  scale  of 
motion),  it  may  be  assumed  that  the  stresses  are  entirely  due  to  tur- 
bulence. In  addition,  Falvey  (1974)  has  shown  that  a large  fraction 
of  the  momentum  loss  (rate)  suffered  by  the  wind  manifests  itself  as  a 
shear  stress  at  the  air-water  interface. 


See  the  discussion  under  Equation  3.28. 

V) 
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Hence,  the  turbulent  shear  stress  on  the  air-water  interface  is 


T 
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Since  there  is  a shear  stress  continuity  across  the  air-water  interface, 
we  can  calculate  the  shear  strain  rate  at  the  interface  as: 


Turbulent  shear  strain  rate  on 
the  water  side 


s 0 (-— ) 
U 


3.27 


w 

It  is  shown  by  Tennekes  and  Lumley  (1972,  p.  88)  that,  in  flows  with 


very  high  turbulent  Reynolds  number 


the  root  mean 


w 

square  fluctuations  of  vorticity  are  of  the  same  order  of  magnitude 
as  the  turbulent  shear  strain  rate;  i.e.. 


0(s) 


3.28 


That  the  turbulent  Reynolds  number  for  wind-water  flows  is  indeed  very 
large  is  proved  a posteriori. 


In  a steady  state  (i.e.  , fully  developed  sea)  the  energy  input  by 
the  wind  is  completely  dissipated  in  water  by  turbulent  friction. 
Therefore,  the  vorticity  production  rate  is  equal  to  dissipation  rate 
at  small  scales.  Hence,  from  Tennekes  and  Lumley  (1972,  Equations  3.3.46 
and  3.3. 20)  , we  have : 


3.29 


Turbulent  Energy 
dissipation  rate 
per  unit  mass  of 
water 


where  u'  is  the  mean  square  velocity  fluctuation  (intensity  of  tur- 
bulence) and  I the  integral  scale  of  turbulent  motions  in  water. 
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Hence  combining  Equations  3.28  and  3.29  and  re-arranging,  we  get: 


1/3' 

[u  J . 0 

(v  1 fi'  ) 
w 

Substituting  Equation  3.27,  we  have: 


3.30 


3.31 


The  parameter  1.  in  Equation  3.32  is  the  scale  of  eddies  in  water. 
This  is,  however,  unknown  a priori , and  we  have  to  make  reasonable 
assumptions.  Kinsman  (1965,  p.  511)  assumes  that  £ is  the  order  of 
the  Inverse  of  the  wave  number  (tc)  of  the  waves  developed  In  water. 
However,  Levich  (1962)  has  argued,  based  on  physical  reasoning,  that  the 
wavelength  of  waves  cannot  be  used  as  a measure  of  the  scale  of 
turbulence.  Instead  he  uses  the  "amplitude  of  the  wave"  as  the  integral 
scale  of  turbulence. 

In  a given  sea  state  there  is  neither  a single  wavelength  nor  is 
there  a single  amplitude.  This  makes  the  estimation  of  the  scale  of  the 
eddies  difficult.  However,  to  obtain  a reasonable  estimate  of  the 
turbulent  intensity  in  water,  we  assume  that  the  parameter  I can  be 
characterized  by  either: 

• the  expected  wave  number  in  a given  sea  state,  or 

• the  most  frequently  appearing  wave  amplitude. 

Given  below  is  such  an  estimate  based  on  assuming  a specific 
spectral  description  of  the  sea. 


\ 

5 
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To  calculate  a relationship  between  a sea  state  and  the  turbulent 
fluctuating  velocity,  we  assume  the  Plerson-Moskowltz  (P.M.)  spectrum 
and  fully  developed  sea  condition. 

Theref ore, the  "expected"  frequency  of  waves  formed  by  a wind  of 

speed  U (see  note  below)  Is: 

1/4 

0.^  - (na)  § 

For  gravity  waves,  we  have; 


Hence 


ic 

e 


e 

g 


1/2 

(ng)  R 
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Substituting  the  values  of  6 in  Equation  3.33,  we  have: 


0.656  — . 
g 


3.34 


If  we  assume  that  the  wave  height  record  can  be  described 
by  a Rayleigh  distribution,  l.e.: 


p(a)  . gxp  / ^ \ 

a \ ' 


3.35 


where  a Is  the  variance  of  the  amplitude  record,  then  the  most 
frequently  occurring  amplitude  (at  which  p(a)  Is  a maximum)  Is  given 

t>y  

■»  2 

a^  - 

most  frequent  2 


3.36 


6 ■ 0.74  for  P.M.  spectrum. 
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From  the  P.M.  spectrum,  we  have:* 


Therefore, 

*008 t frequent 


Substituting  o and  6 values 


3.37 


3.38 


U 

a - 0.052  — 

most  frequent  ® 


3.39 


Comparing  Equations  3.34  and  3.39,  we  find  that  the  scale  lengths  (that 
may  be  used  to  characterize  the  scale  of  the  turbulent  eddy  generated 
by  wind)  differ  by  an  order  of  magnitude. 

Table  3.1  summarizes  the  numerical  results  obtained,  based  on 
the  analysis  in  this  section.  Basically  the  table  gives  the  calculated 
values  of  the  mean  square  velocity  fluctuations  in  water,  generated  by 
a wind,  assuming  that  the  sea  is  fully  developed.  Also  the  variations 
in  the  calculated  results  obtained  by  making  the  two  different  assump- 
tions regarding  the  scale  of  eddies  are  shown.  The  results  in 

Table  3.1  are  plotted  in  Figure  3.4. 


a for  P.M.  spectrum  for  the  way  in  which  S (w)  is  defined  is 
a - 1.62  X lO"^. 
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rms  Turbulent  Velocity  Fluctuations  in  Water  (m/s) 


FIGURE  3-4  CALCULATED  RELATIONSHIP  BETWEEN  WIND  SPEED  AND  rms 
TURBULENT  VELOCITY  FLUCTUATIONS  IN  WATER  IN  A FULLY 
DEVELOPED  SEA 


3.6  Estimation  of  Minimum  Sea  State  for  Globulation 


In  the  previous  sections  several  order  of  magnitude  estimates  were 
made  including  the  calculation  of  the  minimum  intensity  of  turbulence 
necessary  for  globulation.  In  this  section  the  information  obtained 
in  the  previous  sections  is  utilized  in  estimating  a sea  state  for 
incipient  globulation. 

The  key  result  that  is  necessary  before  a sea  state  can  be  cal- 
culated is  the  relationship  between  the  sea  state  and  turbulent  veloc- 
ity fluctuations.  In  Section  3.5,  we  obtained  a relationship  between 
wind  speed  and  the  intensity  of  turbulence  in  water.  The  fully 
developed  sea  parameters  are  related  to  the  wind  speed  and  these  could 
be  utilized  in  estimating  the  sea  state  necessary  for  globulation. 

Such  an  approach  is  indicated  in  Section  3.6.1.  In  Section  3.6.2  we 
calculate  the  sea  state  based  on  the  assumption  that  there  exists  a 
linear  relationship  between  the  turbulent  velocity  in  water  and 
"significant"  velocity  of  water  particles  induced  by  the  wave  motion. 
Finally,  in  Section  3.6.3  a somewhat  different  approach  is  taken  by 
assuming  (1)  that  the  turbulent  fluctuations  induced  under  a wave  de- 
pend on  the  water  velocity  under  the  wave,  and  (2)  that  in  any  given 
sea  state  there  will  always  exist  waves  that  produce  turbulent  inten- 
sities higher  than  the  minimum  necessary  for  inducing  globulation. 
However , the  occurrence  of  these  waves  becomes  infrequent  as  the  sea 
state  (index)  decreases.  Therefore,  in  this  context,  one  can  only 
speak  of  the  probability  of  globulation  in  a given  sea  state.  These 
ideas  are  elaborated  below. 

3.6.1  Estimation  of  Sea  State  Based  on  Wind  Induced  Turbulence 

The  results  of  Section  3.2  indicate  that  for  oil  with  a density 
of  900  kg/m  a minimum  turbulent  rms  value  of  0.15  m/s  is  needed. 
Assuming  further 

• that  the  turbulence  is  produced  by  wind  only,  and 

• that  the  scale  of  the  eddies  in  water  is  of  the  size  of  the 
most  frequently  occurring  wave  amplitude  in  the  sea. 
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we  see  from  Figure  3.4  that  the  steady  wind  speed  necessary  for  gener- 
ating the  above  turbulence  is  U = 7.5  m/s. 


In  Appendix  B,  the  relationships  among  various  sea  parameters  are 
developed  for  a fully  developed  sea  described  by  the  Plerson-Moskowitz 
spectrum.  Using  these  results  (Equation  B.9  of  Appendix  B,  in  par- 
ticular) , we  see  that  at  the  wind  speed  of  U = 7.5  m/s  the  significant 
wave  height  is : 


H 

s 


I 


2 X 1.62  X 10 


-3 


0.74 


7.5^ 

9.8 


1.2  m 


This  result  shows  that  when  the  sea  state  is  such  that  the  signifi- 
cant wave  height  is  about  1 m globulation  of  oil  should  begin. 


3.6.2  Estimation  of  Sea  State  Based  on  Linear  Relationship 
between  Water  Speed  and  rms  Turbulent  Velocity 

We  assume  that  the  rms  turbulent  velocity  and  the  significant  speed 
(wave  induced)  of  water  are  related  by: 


where  the  factor  f is  unknown  and  has  to  be  obtained  from  experimental 
data.  Based  on  the  results  with  other  similar  flows*,  we  can  assume  a 
reasonable  value  for  f to  be: 


f = 0.1 

Hence,  for  V u'^  = 0.15  m/s 

the  significant  water  velocity 


0.15 

0.1 


1.5  m/s 


* In  general,  for  turbulent  flows  (wind  tunnels,  boundary  layer  flow, 
etc.)  and  rms  turbulent  velocity  fluctuations  are  between  1%  and 
a maximum  of  lOZ  of  the  mean  flow  velocities,  i.e.  , in  the  ter- 
minology of  Equation  3.40,  0.01  < f < 0.1. 


If 


Referring  to  Equations  B.6  and  B.IO  of  Appendix  B,  we  get 
(for  a fully  developed  sea  described  by  P-M  spectrum) , 


Ug 

Significant  wave  height  H •=  12.54  

s g 


12.54  X 1.5 
9.8 

2.88  m - 3m 


and  the  wind  corresponding  to  this 
significant  wave  height 
(Equation  B.7,  Appendix  B) 


1.5 

0.129 


11.6  m/s 


A sensitivity  analysis  is  performed  to  ascertain  the  differences  in 
the  predicted  sea  state  for  the  different  assumptions  regarding  the  parameter 
f and  the  type  of  spectral  description  of  Che  sea.  These  results  are 
shown  in  Table  3.2.  The  results  indicate  that  the  value  of  the  para- 
meter f and  the  type  of  spectrum  used  to  describe  sea  state  are  important. 
These  have  to  be  known  reasonably  well  before  definitive  predictions  of 
the  minlmiim  sea  state  can  be  made. 

3.6.3  Estimation  of  Sea  State  for  Globulation  Considering 
the  Distribution  of  Water  Particle  Velocities 

It  was  shown  earlier  in  Sections  3.4.1  and  3.4.2  that,  when  the  rms 
value  of  the  turbulent  velocities  in  water  exceeds  a certain  minimum, 
globulation  of  oil  can  be  expected.  In  a given  sea,  the  water  particle 
velocity  amplitudes  are  not  uniform,  but  vary  depending  on  the  wave  size. 

In  effect  thei..  exists  a probability  distribution  for  water  velocities 
similar  to  the  wave  height  probability  distribution.  Because  of  the  assumed 
relationship  between  Water  particle  speeds  and  the  turbulent  velocity  rms 
yalues  (Equation  3.40),  there  will  exist  a probability  distribution  of 
..ms  velocities.  Therefore,  in  a given  area  (considering  a specific  sea 
Jtate  given  by  a significant  wave  height),  only  a fraction  of  the  sea  will 
contain  turbulent  velocities  greater  than  the  minimum  necessary  to 
initiate  oil  globulation.  This  fractional  area  (or  probability)  of 
globulation  can  be  determined  as  a function  of  sea  state  as  follows: 
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Table  3.2;  Estimates  of  Minimum  Sea  Limit  for 
Incipient  Globulation  of  Oil 

[The  numbers  in  the  table  represent  significant  wave  heights 
for  the  sea  state  calculated.] 


f = 

u 

Spectrum 

f - 0.1 

f - 0.03 

Oil  Parameters 
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p = 1000  kg/m_ 
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0 *=  3 X 10  ^ J/m^ 

International  Ship 

Structures  Congress 

(ISSC) 

a « 1.24  X lO"^ 

8 - 0.031 

11 

110 
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Using  an  equation  similar  to  Equation  3.40,  we  get 


V7 


where  U^ls  the  water  particle  velocity  amplitude  and  f “ 

Is  the  turbulent  velocity  fluctuation  generated  by  the  water  velocity 
The  minimum  nns  value  for  initiating  globuLatlon  is  given  In 
Equations  3.17  or  3.24. 

Also  we  assume  that  the  water  particle  velocity  amplitudes  are 
Rayleigh  distributed;  that  is: 


■(''<'  “in) 


exp  I— 


where  P is  the  cumulative  probability  that,  in  a given  measurement, 
the  water  particle  velocity  exceeds  a given  minimum  value 
P can  also  be  interpreted  as  the  fractional  area  of  the  fully 
developed  sea  in  Which  the  water  velocity  amplitude  exceeds  in 

2~ 

the  above  equation,  is  the  mean  square  velocity  amplitude  which 

is  related  to  sea  state  by  (see  Equation  B.IO,  Appendix  B). 


Van 
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Substituting  Equation  3.43  into  3.42,  we  get: 


P (U  > U . ) 
w min^ 


f. /3E 

V ’ 8 “.  /• 


The  above  equation  indicates  that  in  any  given  sea  state 
(characterized  by  a significant  wave  height  , there  exists  a finite 
ptobability  P with  which  globulation  would  occur.  Of  course,  this 
globulation  occurs  in  only  selected  locations  in  the  oil  slick 
(provided  it  covers  a "large  area").  The  above  probability  should 
therefore  be  Interpreted  as  a fraction  of  the  oil  slick  that  is  under- 
going globulation  At  any  given  time,  when  the  sea  is  fully  developed  and 
is  of  height,  H . 


I 
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la  Figure  3.5,  a plot  of  the  Equation  3.4A  is  indicated  for  the 
following  conditions 


0.15  m/s 


0.1 


0.15 

0.1 


1.5  m/s 


and  the  spectrum  used  is  the  P-M  spectrum.  It  is  seen  from  the 

figure  that  the  probability  of  globulation  (alternatively  the 

fractional  area  of  slick  undergoing  globulation)  increases  as  the 

sea  state  index  (H  ) Increases.  For  just  30%  of  the  slick  to  be 
s 

globulated,  the  sea  has  to  be  quite  rough  (H^  “5m). 

3.7  Discussion 


In  this  chapter  we  have  approached  the  problem  of  estimating  the  sea 
state  for  oil  dispersion  by  first  considering  several  allied  problems - 
The  results  of  these  analyses  are  all  accurate  only  to  within  an 
order  of  magnitude.  First  the  energies  involved  in  various  phenomena 
are  calculated.  This  study  indicates  that  the  energy  in  the  wave 
system  (per  unit  area)  in  the  ocean  is  enormous  and  a small  fraction 
ol  this  energy  is  enough  to  break  up  an  oil  slick  and  drive  oil  into 
wcter.  The  calculations  also  show  that  for  oil  globules  of  about 
1 cm  diameter  the  gravitational  energy  necessary  to  push  them  to  any 
reasonable  depth  (2  m)  in  water  is  significantly  larger  than  the 
surface  energy  required  to  form  them.  However,  for  very  small  oil 
globules  (of  sizes  1 mm  or  less)  the  energy  stored  as  surface  energy  is 
significant.  The  upshot  of  these  calculations  is  that  if  an  extremely 
small  part  of  the  ocean  energy  is  transferred  to  oil,  the  oil  globules 
formed  can  be  expected  to  be  carried  very  deeply  into  water.  The  key 
question,  therefore,  to  answer  is:  "What  part  of  the  ocean’s  wave  energy 
is  fed  into  an  oil  slick,  and  what  is  this  energy  feed  mechanism?" 

Our  assumption  is  that  this  "feed  mechanism"  is  indirect  and  the 
principal  agency  in  the  sea  which  would  be  responsible  for  the  vertical 
dispersion  of  the  oil  is  the  upper  ocean  turbulence.  It  is,  of  course, 
not  known  at  present  whether  this  upper  ocean  turbulence  gets  its 
energy  from  the  ocean  wave  field  alone  (by,  say,  breaking  action  and  other 
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unidentified  wave  sources) , or  also  from  other  sources  such  as 
currents  and  thermal  motions  from  deep  under  (there  are  indications 
that  indeed  this  is  possible  — Belyeav  et  al. , 1975).  The  analysis 
performed  in  Sections  3.4  through  3.6  is  based  on  the  assumption  that 
the  turbulence  in  the  sea  is  related  to  the  sea  state.  The  sea  state 
calculated  for  incipient  dispersion,  based  on  this  assumption  may  not 
always  be  conservative , should  other  sources  of  turbulence  dominate 
the  upper  ocean. 

The  dispersion  of  oil  has  been  modeled  in  this  chapter  based  on 
the  assumption  of  globules  of  oil  being  pulled  off  the  slick  by  the 
instabilities  (and  pressure  fluctuations)  at  the  water-oil  interface. 

A criterion,  expressed  in  terms  of  a minimum  turbulent  intensity  neces- 
sary for  initiating  oil  globulatlon,  has  been  obtained.  It  is  interes- 
ting to  see  that  two  completely  independent  and  different  approaches  to 
obtaining  globulatlon  criteria  give  almost  the  same  result.  In  using 
the  turbulent  pressure  fluctuations  concept  (Section  3.4.1)  the  dynamic 
motion  of  the  drops  is  not  considered,  but  only  a statistical  approach 
is  taken.  Inclusion  of  the  drop  dynamics  will  only  complicate  the 
problem,  without  appreciably  altering  the  end  result.  This  is  precisely 
the  conclusion  that  can  be  drawn  from  the  Kelvln-Helmholtz  instability 
analysis  (Section  3.4.2),  In  this  latter  analysis  the  dynamics  of 
motion  of  the  interfacial  wave  (that  part  of  the  oil  in  the  wave  which 
is  below  the  mean  interface  position  can  be  construed  to  eventually 
form  the  globule)  are  considered.  Yet  the  final  result  for  the  globu- 
latlon criterion  is  almost  the  same  as  was  obtained  in  the  static  analy- 
sis. Of  course,  one  should  remember  that  the  calculations  per  se  are 
only  order  of  magnitude  calculations. 

The  important  link  in  establishing  the  minimum  sea  state  required 
for  the  (incipient)  globular  dispersion  of  oil  is  a relation- 

ship between  turbulent  intensity  at  the  water  surface  and  the  sea  state. 
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Thl«  has  been  attenpted  In  Section  3.5  by  considering  the  turbulent 
velocity  flucatlons  induced  In  water  by  wind;  the  relationship 
between  a fully  developed  sea  state  and  the  wind  speed  is  well  known 
and  has  been  reviewed  In  Chapter  2.  In  performing  the  calculations 
Indicated  In  Section  3.5,  It  has  been  tacitly  assumed  that  the  presence 
of  the  oil  does  not  interfere  with  the  wind  shear  process.  In  addition. 

It  Is  assumed  that  the  presence  of  an  oil  layer  does  not  materially 
alter  the  distribution  of  the  Intensity  of  turbulence  In  the  water. 

It  can  certainly  be  argued  that  the  presence  of  oil  will  Indeed  affect 
the  energy  transfer  and  also  damp  out  turbulence  (at  the  water-oil 
Interface).  If  one  had  information  on  the  extent  of  this  effect 
and  were  to  Include  It  In  an  analysis,  one  would  predict.  In  fact,  a 
higher  wind  speed  (and  consequently  a higher  sea  state)  for  Incipient 
dispersion.  Therefore,  the  analysis  proposed  is  conservative  In  that  dis- 
persion would  be  predicted  to  occur  at  a sea  state  lower  than  what  may 
actually  be  needed. 

In  the  estimation  of  turbulent  intensity  generated  in  water  by  a 
wind  (Section  3.5),  we  find  that  the  results  are  sensitive  to  the  nature 
of  the  assumption  that  one  makes  regarding  the  size  of  Che  energy  contain- 
ing eddies  genraCed  by  wind  In  the  ocean.  Two  possible  length  scales 
are  used  for  these  eddies  and  considerably  different  results  are 
calculated  (see  Table  3.1).  The  estimate  of  minimum  sea  state  Is, 
therefore,  very  sensitive  to  the  above  assumption  on  eddy  sizes.  However, 
s;  nee  no  data  exist  on  the  eddy  sizes,  the  results  obtained  for  the 
8«  a states  should  be  considered  as  approximate. 

Another  possible  approach  to  relating  the  turbulent  Intensity  to 
Che  waves  In  the  sea  Is  considered  in  Sections  3.6.2  and  3.6.3.  In 
this  approach  the  orbital  speed  of  water  particles  due  to  the  wave 
motion  and  the  rms  turbulent  velocity  are  assumed  to  have  a linear 
relationship.  (This  Idea  Is  taken  from  turbulent  flow  literature.  In 
turbulent  flo%w,  where  the  turbulence  Is  generated  by  the  mean  flows. 

It  is  known  Chat  the  rms  velocities  are  about  lOZ  of  the  mean  flow 
velocity.)  Because  of  the  difficulty  of  establishing  a single 


! 
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water  speed  In  a random  sea,  we  have  related  the  significant  water 
speed  (for  a definition,  see  Equation  B.6  of  Appendix  B)  and  the 
turbulent  velocity.  In  this  case,  a unique  sea  state,  represented 
by  a significant  wave  height  value,  can  be  calculated  for  Initiating 
globulatlon.  In  the  second  approach,  we  have  retained  the  linear 
relationship  bet«Men  water  particle  (orbital)  speed  and  the  rms 
turbulent  velocity,  but  have  considered  the  distribution  of  water 
speeds.  This  leads  to  the  prediction  that  globulatlon  is  possible 
In  all  sea  states,  but  the  probability  varies  as  a function  of  the  sea 
state.  The  probability  of  globulatlon  In  sea  states  below  3 m 
significant  wave  height  Is  less  than  about  12%  (see  Figure  3.5). 

The  actual  calculation  of  the  minimum  sea  state  Is  Illustrated 
In  Section  3.6,  using  the  kno%m  relationships  among  wind,  waves, 
and  sea  states.  In  the  examples  shown,  we  have  assumed  that  the  fully 
developed  sea  can  be  represented  by  the  (widely  used)  Pierson-Hoskowltz 
spectrum.  Use  of  other  spectra  will  give  substantially  different  results 
for  the  sea  state  as  cau  be  seen  from  Table  3.2. 

One  other  approach  that  was  considered  In  this  chapter — to  establish 
a criterion  for  slick  breakage  and  dispersion — has  been  Indicated  in 
Section  3.3.  In  this  section  an  attempt  has  been  made  to  derive  the  slick 
Instability  criterion,  based  on  a thermodynamic  approach.  To  the  extent 
that  the  methodology  has  not  yielded  a numerical  result  for  a minimum  sea 
state  for  oil  dispersion,  the  methods  can  be  termed  unsuccessful.  However, 
wc  feel  that  significant  progress  has  been  made  In  applying  to  the  study  of  cll  slick 
dispersion  some  newly  formed  Ideas  from  the  thermodynamic  literature  on 
thin  slim  stability.  In  addition  Important  physical  property  data  needed 
fcr  a cursory  application  of  the  theory  have  been  Identified.  Of  course, 
se-reral  questions  on  the  appropriateness  of  applying  an  analysis  that  is 
valid  for  thin  films  (monomolecular  layer)  have  been  left  unanswered.  The 
section  on  thermodynamic  stability  analysis  should, therefore, be  interpreted 
as  a first  attempt  at  using  purely  fundamental  principles  to  arrive  at 
crlteri.i  for  oil  slick  breakup.  Much  more  research  and  experimental 
data  arc  required  before  this  method  can  be  established  on  a solid  footing. 


3.8  Conclusions 


Zn  this  chapter  several  possible  nethods  have  been  explored, 
using  basic  physical  lavs  (such  as  satisfying  klnenatlcal  conditions), 
to  obtain  an  estlaate  of  the  alnlnuin  sea  state  necessary  to  cause  an 
oil  slick  on  the  open  ocean  to  be  dispersed.  Energies  associated  with 
various  phenomena  have  been  estimated.  Mechanisms  of  ocean  turbulence 
and  intrinsic  thermodynamic  Instabilities  have  been  considered  in 
terms  of  their  effects  on  the  oil  slick.  From  these  analyses  the 
following  conclusions  are  drawn: 

a Estimates  of  various  energy  quantities  Indicate  that  a 
small  fraction  of  wave  energy  Is  sufficient  to  maintain 
oil  in  suspension. 

e A 12  m/s  wind  can  supply  energy  sufficient  to  maintain  oil 
globules  at  depths  up  to  2 m. 

• The  thermodynamic  stability  criterion  derived  here  cannot  be  applied 
at  present  to  determine  the  minimum  sea  state  for  oil 
dispersion  because  of  unavailability  of  the  data  on  the 
variation  of  surface  tension  with  area  density  of  oil. 

• Incipient  globulatlon  may  occur  In  seas  of  3 m significant 
height.  This  Is  based  on  the  assumption  that  wave  generated 
water  speeds  and  turbulent  intensities  in  the  upper 

ocean  are  closely  correlated.  Only  experiments,  both  lab 
scale  and  on  the  ocean,  can  Indicate  i^ether  this  Is  Indeed 
true.  Tn  addition,  the  type  of  spectral  description  also 
has  influence  on  the  above  estimate. 

e Assumption  of  a linear  relationship  between  Instantaneous 

water  particle  velocity  and  the  local  turbulent  Intensity  leads 
to  the  result  that  globulatlon  is  possible  in  all  sea  states, 
but  that  the  fraction  of  slick  srea  undergoing  globulatlon  is 
very  ssiall.  In  a 3-«  significant  wave  height  sea,  only  about 
12X  of  the  oil  slick  is  predicted  to  be  undergoing  globulatlon 
St  any  given  instant. 
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It  Bay  be  concluded,  based  on  the  results  o£  the  above  analyses, 
that  the  principal  phenoaenon  that  will  rupture  an  oil  flla  and  fora 
globules  of  oil  Is  the  breaking  action  of  the  waves. 


3-36 


CHAPTER  4 


THEORETICAL  MODELS  FOR  SLICK  FRACTURE  AND  DISPERSION 

4.0  s»<’«»«ry 

Two  main  types  of  slick  dispersion  are  considered  In  this  chapter. 
These  Include  the  breakage  of  an  oil  slick  Into  smaller  sizes  and  their 
dispersion  on  the  water  surface.  The  second  type  Is  the  globular  dis- 
persion Into  the  water  column.  The  theoretical  model  for  the  former 
type  of  dispersion  gives  the  conditions  under  which  a large  slick  will 
be  fractured  by  the  breaking  waves  In  the  ocean.  The  models  for  the 
second  type  of  dispersion  give  the  depth  of  penetration  of  the  globules, 
their  residence  time,  and  the  depth-wise  distribution  of  the  globules 
as  a function  of  time.  These  results  are  useful  In  estimating  the 
total  mass  of  oil  that  may  be  present  in  the  water  column  In  the  form 
of  globules  at  any  given  time  for  a given  sea  state. 

4.1  Introduction 

The  technology  of  cleaning  up  oil  spills  on  the  open  ocean  Is  still 
In  Its  Infancy.  Skimmers  and  oil  booms  that  work  effectively  on  calm 
waters  seem  to  have  limited  effectiveness  when  the  waves  are  larger  than 
about  1 foot.  A necessary  requirement  for  the  efficient  working  of 
booms  seems  to  be  the  presence  of  a film  of  oil  on  water.  In  addition  to 
the  need  for  reasonably  calm  water.  Should  oil  occur  In  patches  scat- 
tered over  a large  area  or  be  dispersed  Into  the  water  as  globules, 
skimmers  and  booow  may  become  Ineffective.  Therefore,  there  exists  a 
need  to  develop  better  methods  of  cleaning  up  (physically)  the  oil 
spilled  on  the  oceans.  However,  before  this  can  be  achieved.  It  Is 
Imperative  to  understand  how  an  oil  slick  behaves  on  the  open  ocean  and 
how  the  natural  forces  of  wind,  waves,  and  currents  Interact  with  the 
oil  slick,  and  to  answer  questions  as  to  whether  Indeed  the  oil  slick 


remains  as  a single  entity  or  Is  dispersed  horizontally  as  In  the  form 
of  many  sllcklets  or  Is  dispersed  vertically  In  either  globular  form  or 
In  the  form  of  an  emulsion.  There  are  many  such  unanswered  questions 
about  the  behavior  of  oil  on  the  open  ocean  and  Its  relationship  to  the 
sea  state.  A modest  beginning  is  made  In  this  chapter  by  proposing  two 
principal  ways  In  which  "oil"  may  behave  on  the  ocean.  Based  on  these 
concepts,  theoretical  models  have  been  developed  In  this  chapter,  and 
the  relationships  among  various  sea  and  oil  parameters  have  been  de- 
veloped. It  Is  needless  to  say  that  several  Important  assumptions  have 
been  made  (idilch  are  Inevitable  In  a theoretical  approach  based  purely 
on  speculation,  without  much  of  an  experimental  backing)  both  as  to  the 
behavior  of  oil  under  certain  circumstances  as  well  as  on  the  behavior 
of  the  sea.  It  Is  hoped  that  these  theoretical  models  will  provide  the 
necessary  basis  on  which  to  design  and  conduct  both  small-scale  and 
large-scale  experiments. 

The  models  developed  In  this  chapter  are  based  on  the  two  broad 
classifications  of  slick  behavior,  viz,  the  breakdown  of  continuous  oil 
slicks  Into  smaller  slicks  ("sllcklets")  and  their  surface  dispersion 
and , secondly , the  dispersion  In  the  form  of  droplets , globules , and 
emulsions  suspended  vertically  in  Che  water  column. 

In  Section  4.2  the  effect  of  Che  nonbreaking  (swells)  and  breaking 
waves  on  the  slick  fracture  are  considered.  The  objective  of  the 
models  presented  In  this  section  la  to  determine  the  criteria  for 
slick  film  breakage  and  Its  subsequent  dispersion  In  the  form  of  slick- 
lets.  Section  4.2.1  deals  with  the  film  breakage  caused  by  the  stretching 
and  compression  of  Che  film  due  to  Che  passage  of  swells.  A criterion  for 
the  breakage  In  terms  of  the  wave  frequency  Is  derived.  In  Section  4.2.2, 
the  fracturing  of  an  oil  slick  by  breaking  waves  Is  modeled  and  discussed. 
Because  of  Che  very  nature  of  random  behavior  of  the  breaking  waves,  the 
model  developed  is  probabilistic.  The  ultimate  result  from  this  model  is 
Che  characteristic  time  for  slick  breakage  and  its  relationship  to  Che 
various  sea  and  wave  parameters.  Once  the  relationship  among  the  wave 
parameters  used  in  the  model  and  the  sea  state  !■  obtained  experimentally 
(as  of  now  these  data  do  not  seem  Co  be  available),  the  time  for  fracture 
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In  any  sea  state  can  easily  be  determined.  Another  mechanism  by  which 
a slick  may  be  broken  up  on  the  surface  Is  considered  In  Section  4.2.3. 
Langmuir  circulations  are  reported  to  occur  whenever  there  Is  a strong, 
sustained  wind.  The  eddy  circulations  created  by  the  Langmuir  cells 
could  conceivably  break  up  a slick.  A model,  which  Is  very  simplistic 
In  Its  approach  (because  of  the  lack  of  complete  understanding  of  the 
phenomenon  of  Langmuir  circulations).  Is  discussed  In  Section  4.2.3. 

The  result  of  the  model  Is  a critical  wind  speed  above  which  the  slick 
can  be  expected  to  fracture. 

The  globular  dispersion  of  oil  Into  the  water  column  is  discussed 
In  Section  4.3.  Several  models  describing  and  quantifying  the  effects 
of  the  sea  and  the  motion  of  oil  globules  are  discussed  In  several  sub- 
sections. In  Section  4.3.1  a general  overview  of  the  phenomenon  of 
globular  dispersion  Is  discussed  and  the  philosophy  of  modeling  Is 
described.  In  Section  4.3.2  the  dynamics  of  oil  globules  In  quiescent 
water  la  discussed,  and  the  model  leads  to  quantifying  the  terminal 
velocity  of  globules  as  a function  of  drop  size  and  oil  density.  A 
further  extension  of  the  model  to  solving  the  exact  motion  is  given  In 
Section  4.3.5.  The  results  obtained  In  Section  4.3.2  are  used  In  the 
model  on  vertical  dispersion  by  Langmuir  circulation  given  In  Section 
4.3.3.  This  model  Is  a logical  extension  of  the  slick  fracture  by 
Langmuir  circulation  discussed  In  Section  4.2.3.  The  results  from  the 
model  In  Section  4.3.3  also  give  a critical  wind  speed  for  "sinking" 
oil  droplets  of  a given  size  due  to  the  downwelling  generated  by  the 
Langmuir  circulation. 

In  order  to  maintain  the  naturally  buoyant  oil  globules  suspended 
In  water,  the  water  has  to  be  In  a state  of  continuous  agitation.  This 
agitation,  also  referred  to  as  turbulent  mixing.  Is  brought  about  by 
the  upper  ocean  turbulence,  which  Is  assumed  to  be  generated  principally 
by  the  breaking  action  of  the  waves.  In  Section  4.3.4  a model  Is 
developed  to  calculate  the  probability  of  wave  breaking  and  the  energy 
dissipated  In  the  breaking  action.  This  model  Is  an  extension  of 
Longue t-Hlgglns  Model  (1956,  1975)  but  uses  more  recent  JONSWAP  data. 

The  model  provides  a quantitative  estimate  for  the  mechanical  energy 
Imparted  to  the  ocean  water  by  the  breaking  waves.  A major  fraction 
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of  this  energy  finally  ends  up  as  turbulent  energy.  In  Section  4.3.5 
a simple  turbulence  model  is  derived  to  characterize  the  turbulent 
Intensity  as  a function  of  time  and  depth-wise  position.  This  model 
uses  the  calculation  of  energy  dissipated  by  b breaking  wave,  modeled  in 
the  earlier  section.  Finally  in  Section  4.3.6  the  vertical  motion  of  the 
oil  globules  subjected  to  the  breaking  action  of  the  waves  and  the 
subsequent  nonstationary  turbulence  is  modeled.  The  motion  of  the 
globules  is  analyzed  partly  with  a deterministic  model  and  partly  by 
a stochastic  approach.  The  ultimate  result  from  this  analysis  is 
the  probability  density  distribution  of  oil  globules  with  depth  at 
each  instant  of  time.  From  the  results  the  fractional  mass  of  oil 
that  is  present  within  the  water  column  as  a function  of  time  is 
obtained  in  a probabilistic  sense. 

Each  of  the  models  derived  in  the  following  chapter  is  Illustrated 
with  a numerical  example  so  that  the  use  of  the  derived  results  becomes 
clear.  The  assumptions  made  and  their  effects  on  the  results  are 
also  discussed.  Vfherever  possible,  the  symbols  used  in  a model  are 
defined.  However,  because  of  the  completely  different  physical  concepts 
treated  in  each  model,  a certain  amount  of  duplication  in  notations  has 
become  unavoidable.  A general  nomenclature  is  provided  in  Appendix  A. 

4. 2 Horizontal  Fracture  and  Dispersion  of  Oil  Slicks 

In  this  section  two  separate  mechanisms  of  slick  fracture  are 
considered.  In  Section  4.2.1,  the  failure  of  the  film  of  oil  by  non- 
breaking waves  is  analyzed.  In  the  following  Section  4. 2. 2,  a model 
is  developed  for  the  surface  fracture  of  the  slick  by  a train  of 
breaking  waves.  The  objective  of  these  analyses  is  to  obtain  criteria 
for  slick  breakage  (and  therefore  surface  dispersal).  Once  such  criteria 
are  obtained,  they  can  be  related  to  sea  state.  This  will  finally 
result,  it  is  hoped,  in  establishing  a sea  state  for  surface  dispersal 
of  oil  slicks. 

In  the  models  discussed  below  the  effects  of  variation  in  oil 
properties,  either  due  to  composition  variations  or  due  to  the  differences 
in  oil  temperature  and  water  temperature,  have  not  been  considered. 
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4.2.1  011  Slick  Breakage  by  Film  Stretching  Caused  by  Nonbreakin) 

Waves 

The  passage  of  crests  and  troughs  of  waves  through  oil  at  sea 
results  In  the  alternate  stretching  and  conpresslon  of  the  film;  this 
causes  the  film  to  be  subjected  to  stresses.  When  these  stresses  exceed 
a critical  value,  the  film  of  oil  will  fall,  essentially  because  of 
tension.  The  rate  of  strain  of  the  film  Is  the  Important  quantity  to 
be  determined,  because  the  stresses  In  a fluid  depend  on  the  rates  of 
strain  rather  than  on  the  strain  (as  In  the  case  of  solids) . 

In  this  section,  we  first  obtain  the  rates  of  strain  of  a film  of 
oil  subjected  to  a given  sinusoidal  wave.  Then,  using  two  different 
film  breakage  criteria,  we  obtain  an  estimate  for  the  sea  state  at  which 
the  oil  may  break  by  film  fracture.  In  performing  such  a calculation 
certain  Important  assumptions  are  made  which  reduce  the  complexity  of 
the  analysis  without  compromising  the  physics  of  the  problem.  These 
assumptions  Include: 

• neglecting  the  flow  In  the  oil  layer  generated  by  the 
dynamic  forces  (wave  motion);  that  Is,  we  assume  the  oil 
thickness  to  be  uniform  and  neglect  any  stresses  that  may 
be  generated  as  a result  of  the  flow  of  oil.  In  effect 
the  dynamic  effects  are  neglected  and  calculations  satisfy 
only  the  klnematlcal  conditions; 

• calculating  the  water  (surface)  particle  velocities  and 
motions  using  the  results  of  small  amplitude  wave  theory. 

While  the  second  assumption  Is  adequate  wl  jn  the  wave  steepness, 

— Is  small.  Its  applicability  to  very  steep  waves  remains  questionable. 
Since  the  objective  of  the  analysis  Is  to  obtain  estimates  for  the  wave- 
length of  waves  that  may  fracture  the  oil  film  (due  to  high  strain  rates)  , 
we  propose  to  retain  the  above  assumption. 
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Consider  an  oil  slick  of  uniform  thickness  subjected  to  a travel- 
ling sinusoidal  wave  of  wavelength  X.  The  location  of  the  particles 
of  oil  on  the  wave  are  indicated  schematically  in  *'lgures  C.la  and  C,lb. 
The  oil  film  is  stretched  in  some  places  and  compressed  In  other 
locations.  Because  of  the  vsve  motion,  the  oil  particles  that  are 
elongated  at  one  Instant  would  be  compressed  half  of  a wave  period 
later.  This  alternate  stretching  and  compressing  induces  stresses  In 
the  film.  The  stresses  are  proportional  to  the  rate  of  strain.  There- 
fore the  strain  rates  are  calculated  Initially. 

Rate  of  Strain  Calculations 

The  strain  rate  of  any  portion  of  a thin  film  subjected  to  a 
travelling  wave  of  length  X (and  of  circular  frequency  u)  is  defined  by 


Strain  rate  at 
point  "a"  on  the 
oil  film 


- 11m 
At-^ 

^aTb 


_1 
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where  L is  the  length  of  oil  film  between  points  a and  b. 
a,b 

In  Appendix  C,  expressions  are  derived  for  the  lengths  of  curved 
elements  and  the  strain  rates.  From  Equation  C.28  of  Appendix  C, 
we  see  that  the  maximum  tensile  strain  rate  is  given  by 


r 

max 
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by 


where  A is  a geometric  parameter  describing  the  wave  steepness,  defined 
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L±Allil 

2irS 


with  S 
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wave  steepness 
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The  msxlmuin  rormal  tensile  stress  that  develops  In  the  oil  film 
due  to  the  above  strain  rate  Is  given  by  (see  Schllchtlng,  1962, 
page  50) . 

t - 2u„r  4.5 

^8  o max 

Hence  the  total  tensile  stress  In  the  oil  layer  at  the  location  of 

^ * 

maximum  strain  rate  Is 


^ - p 


atm 


- P 


atm 


^^o  ^oax 
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Criteria  for  the  Slick  Breakage 

The  above  derived  stress  has  to  be  interpreted  in  terms  of  a 
film  breakage  condition  to  relate  the  wave  parameters  (and  hence  sea 
state)  to  slick  stability.  Two  breakage  criteria  are  considered  below, 
one  involving  the  cavitation  of  liquids  and  the  other  based  on  the 
fracture  of  the  slick  when  the  stress  exceeds  the  intermolecular  force 
(surface  tension). 

When  a single-component  liquid  is  subjected  to  decreasing  pressures 
at  a constant  temperature,  ordinarily  the  liquid  bolls  when  the  pressure 
is  equal  to  the  vapor  pressure  corresponding  to  the  temperature  (super 
pure  liquids  with  no  dust,  dirt  or  other  nucleating  sltesi  however,  are 
known  not  to  boil,  even  when  subjected  to  pressures  far  below  the  vapor 
pressure  — sometimes  even  when  undei?  tension) . Crude  oil  is  a mixture 
of  several  hydrocarbons  and,  therefore,  a single  boiling  temperature  / 
pri'Bsure  relationship  cannot  be  formulated.  However,  it  is  known  that 
cui  ene  and  n-nonane  form  the  most  volatile  fractions  of  crude.  Hence, 
wh«n  crude  oil  is  subjected  to  a rapid  decrease  in  pressure  (as  happens 
when  a film  of  crude  is  stretched  at  high  strain  rates),  local  boiling 
may  take  place  with  the  liberation  of  bubbles  of  cumene  and  n-nonane. 

Therefore,  the  first  criterion  for  oil  film  breakage  that  we 
propose  to  use  is  the  condition  at  which  local  boiling  takes  place. 


* In  writing  equation  4.6,  an  implicit  assumption  as  to  the  smallness 
of  oil  thickness  Is  made.  Therefore,  the  pressure  increase  at  the 
bottom  layer  of  the  oil  due  to  the  hydrostatic  head  is  small  compared 
to  the  atmospheric  pressure. 


4-7 


2 

Harrison  et  al. (1975)  have  used  a value  of  537  N/m  for  the  vapor 

pressure  (p  ) of  cumene  and  n-nonane  at  297  K.  Hence  based  on  the 
'^vap 

cavitation  criterion,  the  oil  slick  can  be  said  to  be  stable  when 


(p*“P)>2iir  /-* 

^vap'  o max  4.7 

The  second  possible  criterion  that  may  be  postulated  for  oil  film 
breakup  (for  order  of  magnitude  estimation  of  sea  conditions)  is 
based  on  comparing  the  tensile  normal  stress  developed  due  to  the 
stretching  with  the  molecular  cohesiye  stress  between  liquid  particles. 
The  latter  may  be  approximated  by  dividing  the  surface  tension  by 
the  film  thickness.  Hence  the  stability  criterion  can  be  expressed 
by 


o 

‘b 


2p-r 
o max 
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Equations  4.7  and  4.8  represent  two  criteria  for  the  non-breakage 
of  an  oil  slick.  However,  to  understand  the  type  of  wave  necessary 
to  cause  slick  breakage  by  either  of  the  above  criteria,  numerical  values 
have  to  be  used.  We  have  therefore  worked  out  an  example  below  using 
reasonable  property  ana  other  values  . 


Numerical  Example 

Consider  a wave  of  steepness 

Hence,  from  Table  C,1  of 
Appendix  C the  steepness 
parameter 

Surface  tension  of  oil 

Viscosity  of  oil 

(assumed  to  be  100  times  that 
of  water) 

Oil  film  thickness 

AtciuSpherlc  pressure 

Vapor  pressure  at  which  boiling 
ensues  in  crude  oil  at  279  K 
(from  Harrison,  et  al.  [1975]) 

Substituting  the  above  values  in 


s 

m 

1/10 

A 

m 

1.749 

0 

* 

3 X 10  ^ N/m 

P 

m 

lO"^  N s/m^ 

b 

m 

O 

1 

B 

P ^ 
atv 

■1 

101.33  X 10^  N/m 

P 

vap 

0.537  X 10^  N/m^ 

Equation  4.7  yields  the  strain 


rate  necessary  for  the  cavitation  failure  of  the  slick; 


r 

max 


(101.33  - 0.537}_x  lo!  . jq  ^ ^ ^^4  ^-1 

2 X 10"^ 
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Hence,  from  Equation  A. 2,  the  frequency  of  waves  necessary  to  Induce 
cavitation  In  crude  oil  Is  given  by 


u 


2 X 50.4  X 10 


'X 


2 

74r  - 


1 ■ 1.4A  X 10®  rad/s 


2.3  X W 


Hz 


Any  wave  of  frequency  lower  than  the  above  value  would  not  produce 
strain  rates  high  enough  to  cause  cavitation  and,  therefore,  would  not 
rupture  the  slick.  In  any  real  sea,  waves  of  significant  size  having 
the  above  frequency  will  not  be  found.  This  leads,  therefore,  to  the 
conclusion  that  slick  breakup  by  cavitation  effects  will  not  occur. 

Using  the  second  break  criterion, equation  4. A, and  the  values  of 
properties  assumed,  we  get 

- IjOOl! - 15  8-^ 

-2  -1 

for  slick  rupture  10  x 2*10 


Substituting  this  In  Equation  4,2,  we  get 


(u.) 


for  slick  rupture 


- 1.5  X 2 


749  - 1 


which  corresponds  to  a gravity  wave  of 


X - 3.3  X 10 


-2 


43  rad/s  > 6.8  Hz 


This  Indicates  that  waves  with  lengths  less  than  about  3 cm  would 
break  the  film  by  stretching.  If  indeed  the  second  criterion  Is  valid. 

There  are  two  problems  In  using  the  criterion  of  Equation  4.8. 

First  of  all,  the  equation  Indicates  that  the  strain  rate  needed' to 
br:ak  an  oil  film  decreases  with  an  Increase  in  film  thickness.  This 
CO  icluslon  Is  contrary  to  Judgment  ^Ich  would  Indicate  that  the  thicker 
th->  film  the  harder  It  Is  to  rupture  (with  the  same  strain  rate). 
Secondly* this  criterion  does  not  take  into  account  the  dynamics  of  the 
oil  film  motion  due  to  the  wave  action.  This  may  be  a serious  limi- 
tation to  the  analysis  considered. 

From  the  results  of  the  analysis  presented  and  discussed,  we 
conclude  that  simple  stretching  and  compression  of  an  oil  slick  by 
a swell-type  wave  In  the  ocean  would  not  rupture  the  altc|^.  As  a 
complementary  conclusion  It  may  be  stata/  ,hat  only  breaking  waves  will 
have  any  influence  on  the  breakage  and  dispersion  of  oil  slicks  on 
the  ocean. 
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4.2.2  Fracturing  of  an  Oil  Slick  Due  to  Breaking  Waves 

When  a large  oil  slick  Is  subjected  to  the  action  of  breaking  waves 
(of  length  smaller  than  the  width  of  the  oil  sllckX  conceivably  a slot  will 
be  opened  up  in  the  oil  slick  under  such  a breaking  wave.  This  would  result 
from  the  Intense  turbulence  created  at  the  crest  of  a breaking  wave  , and 
also  by  the  spilling  action  of  the  water.  It  is  not  certain  whether  the 
breaking  wave  will  continue  to  exist  over  large  distances  throusrh  the  1 
slick.  However,  If  we  assume  that  the  breaking  wave  opens  up  a slit 
(not  very  much  greater  than  the  wave  height)  and  then  ceases  breaking, 
the  slit  tends  to  close  up  due  to  the  gravity  flow  of  oil.  If  before 
the  closing  up  of  the  slit  another  breaker  wave  hits  the  same  spot, 
the  opening  In  the  oil  film  is  sustained.  Also,  if  the  second  sHr  -is  over- 
lapping and  contiguous  with  the  first, then  a wider  length  of  slick  is 
fractured.  Therefore,  a series  of  breaker  waves  occurring  sequentially 
and  opening  up  slits  in  an  oil  film  may  be  able  to  fracture  an  entire 
oil  slick. 

The  objective  of  the  analysis  given  below  Is  to  obtain  the 
conditions  under  which  an  oil  slick  fracture  is  possible  and  to  determine 
the  relationship  among  the  parameters  that  Influence  the  occurrence 
of  a fracture. 

(a)  Analysis ; 

The  problem  as  stated  above  Is  two-dimensional.  The 
fracture  In  the  slick  can  occur,  at  least  In  principle.  In  any  direction 
relative  to  the  direction  of  propagation  of  the  waves.  However,  the 
probability  of  slick  fracture  normal  to  the  wave  travel  direction  Is 
very  high*  In  analyzing  the  above  problem,  we  made  the  following 
aa sumptions ; 

1.  The  breaking  waves  occurred  at  random  Intervals,  but  all  of 
them  have  their  crest  lengths  oriented  In  a given  direction. 

2.  The  breaking  waves  open  up  rectangular  "slots"  In  the  nil  sMc<r 
of  length  equal  to  crest  length  and  widths. 

3.  The  slot  tends  to  close  up  at  a constant  rate  determined  by 
the  oil  density  snd  film  thickness. 
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Assumption  1 Is  probably  reasonable  when  breaking  waves  occur 
due  to  shoaling.  In  this  case  the  crests  of  waves  are  essentially 
parallel  to  each  other.  However,  If  breaking  waves  occur  due  to  the 
nonlinear  3-D  Interaction  of  waves,  as  would  occur  In  deep  water,  then 
the  above  assumption  has  serious  limitations.  In  fact,  in  the  latter 
case  even  the  second  assumption  on  the  formation  of  "slots"  may  be 
Incorrect.  In  making  the  second  assumption,  we  have  taken  for 
granted  that  a spilling  wave  In  an  oil  slick  will  "cut  open"  a slot. 
This  needs  to  be  verified  experimentally.  Even  In  such  a case,  the 
oil  slick  may  be  closed  by  the  resurfacing  of  the  oil  that  is  driven 
under  the  water,  rather  than  by  the  movement  of  the  oil  from  the 
sides,  as  has  been  Implied  by  assumption  3.  The  third  assumption  will 
indeed  be  true  if  the  oil  Is  simply  pushed  to  the  side  by  the  breaking 
wave  (in  opening  up  a slot),  or  if  the  oil  driven  under  by  the  wave 
resurfaces  under  an  unopened  slick.  It  suffices,  therefore,  to  say  that 
many  questions  remain  to  be  answered.  However,  based  on  the  above 
assumptions,  one  can  formulate  a slick  (surface)  breakup  model  and, 
for  obvious  reasons.  Its  validity  or  otherwise  can  be  proved  only  by 
large-scale  experiments. 

(b)  Formulation  of  the  Model: 

For  the  purpose  of  mathematical  modeling,  we  consider  the  slick  to 
be  a square  of  side  L such  that  Its  total  area  is  the  same  as  the  area 
of  the  actual  slick.  A breaking  wave  Is  assumed  to  cause  a slot  of 
width  W(0) , as  shown  In  Figure  4.1.  It  is  assumed  that  the  «lot  1 1 
close  up  by  the  gravitational  flow  of  oil  (in  the  width— wise  direction) 
in  time  T 

c . 

A slick  that  has  been  fractured  in  calm  water  will  close  itself 
as  the  two  edges  move  together,  the  speed  of  the  edges  being  given 
approximately  by 

V - •^ghd-Pjj  / pj 

where  V ■ speed  of  the  edges,  and 

h • thickness  of  the  oil  layer. 
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The  above  expression  applies  to  the  oil  front  when  Its  dynamics  de- 
pend on  the  balance  of  Inertial  and  gravitational  forces  generally 
associated  with  the  Initial  phases  of  the  spreading  of  a spill.  Hence, 
the  "closlng-up”  time  can  be  approximated  by 

T m . average  closing  time  for  an  oil  slot  of  4.10 

^ W(0)  where  both  edges  are  moving. 

The  length  of  the  slots  I are  assumed  to  follow  a general  (but 
specified)  statistical  distribution  function  which  Is  Identical  to  the 
distribution  function  that  Is  characteristic  of  the  crest  length  of 
breaking  waves. 


If 

T » mean  period  between  the  occurrence  of  breaking  waves,  and 
w 

N - number  of  distinct  slots  (breaking  waves)  present  within 
the  oil  slick  at  any  Instant  of  time. 


then, 

N - T /T  . ^-11 

c w 

These  N slots  have  random  widths  as  well  as  random  lengths  (transverse 
to  wave  propagation  direction)  and  their  centers  are  randomly  distributed 
(see  Figure  4.1).  An  Important  desired  result  Is  the  probability  that  a 
series  of  slots  exists  that  forma  a continuous  fracture  of  the  oil  slick. 
It  Is  noted  that  as  time  progresses,  new  slots  will  be  appearing  within 
the  oil  slick  at  a mean  rate  of  one  slot  per  T^  time  units;  at  the  same 
time,  the  existing  slots  will  be  closing  up. 


Figure  4.2  Illustrates  schematically  the  time-wise  development  of 
the  slick  state  in  time.  Suppose  one  considers  an  unfractured  state  ("Uf") 
of  the  slick  at  any  Instant  and  the  state  of  the  same  slick  after  a time 
interval  At.  There  are  two  possibilities.  First,  there  Is  a finite  prob- 
ability (P  ^)  that  the  slick  would  remain  In  the  unfractured  state.  There 
Is  also  a probability  that  the  ollck  would  be  in  a fractured  state. 

Therefore, 


uf 


+ P 


uu 


4.12 
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similarly,  a fractured  slick  (In  a state  "f")  has  a finite  possibility 
(P^^)  of  continuing  to  be  In  a fractured  state  or  reverting  back  to  unfrac- 
tured state  with  a probability 

In  this  case  also 


P + P 
ff  fu 


4.12 


In  our  analysis  we  choose  to  Ignore  the  probable  transitions  from 
fractured  state  to  unfractured  state  (f  -*■  uf).  This  Is  because  we  start 
the  problem  from  an  unfractured  slick  and  seek  to  find  out  the  minimum 
sea  conditions  under  which  the  slick  may  undergo  transition  to  fracture 
due  to  breaking  waves. 


A "transition  of  oil  state"  is  defined  to  occur  every  time  a new 
breaking  wave  enters  the  oil  layer. 


If  a slick  begins  In  the  state  "U",  the  probability  that  It  has  not 
passed  Into  the  fractured  state  "f"  after  K transitions  is  given  by 


4.13 


Therefore,  the  probability  (P)  for  the  existence  of  a fracture  after  K 
transitions  is  given  by 

P - 1 - (1  - Pyj)*  4.1A 

Equation  4.14  Is  the  Important  equation  in  that  once  P^^  Is  estimated 
the  total  probability  can  be  easily  established  as  a function  of  time. 

This  Is  because 


K ■ number  of  transitions  ■ ^ 

^■w 

where  t * total  elapsed  time 


Substituting  the  above  In  Equation  4.14  we  get: 

.t/T 


P (t) 


1 - (1  - P„,)' 


That  la 


?(t) 


a-  F„,) 

1 - e w 


4.15 

4.16 
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r 


Hence,  the  characteristic  time  In  which  a fracture  may  occur  Is 
given  by 


t 

c 


-In 


4.18 


or  expressed  In  dimensionless  way 


T 


t 

C 

T 


w 


In 


4.19 


Note  that  since  < 1,  the  natural  logarithmic  term  In  Equation  4.18 
results  In  a negative  value  giving  a positive  value  for  t^.  Physically,  t^ 
represents  the  time  In  which  £(t)  - 1 If  the  probability  Increased  with 
time  at  the  same  rate  as  at  zero  time.  In  fact,  the  \talue  of  £(t)  at 
t “ t^  Is  equal  to  0.632. 

The  Important  parameter  that  has  to  be  calculated  to  obtain  the  time 
for  fracture  of  the  slick  Is  the  probability  P^^  that  the  slick  undergoes 
a transition  from  uncut  to  the  fractured  state  In  a given  change  of 
state.  For  the  two-dimensional  case,  the  evaluation  of  this  parameter 
Is  an  extremely  complicated  task.  Therefore,  we  analyze  an  equivalent 
one-dlmenslonal  problem.  It  1»  expected  that  the  one-dlmenslonal  problem 
will  yield  times  for  fracture  which  will  be  smaller  than  In  the  associated 
t«ro-dlmenslonal  problem. 

In  formulating  and  solving  the  1-D  problem,  we  have  considered  three 
different  approaches.  Initially,  a simple  (but  approximate)  result  Is 
obtained.  Subsequently,  a more  nearly  exact  formulation  Is  provided  and 
solutions  obtained  for  Finally,  the  Monte  Carlo  technique  Is 

utilized  and  the  value  for  P^^  obtained  for  various  values  of  the  param- 
eters that  describe  the  physical  situation. 

Estimation  of  P^^  Using  a Simple  One-Dlmenslonal  Model; 

We  note  that  P^^  la  simply  the  probability  than  an  average  number  N 
of  slots  will  form  a complete  cut.  In  one  dimension,  the  problem  of 
determining  F^^  becomes  simply  an  evaluation  of  whether  a line  of  length  L 
Is  covered  by  N slots  having  a length  distribution  given  by  q(l),  as  shown 
In  Figure  4.3. 


I 


4-16 


Since  the  breaking  waves  are  assumed  to  occur  at  random  with  their  centers 
located  randomly  on  the  oil  slick  of  length  L>we  assume  a uniformly  distributed 
set  of  centers  of  waves  of  total  number  N.  This  means  that 


the  average  center-to“center 

spacing  of  slots  with  the  1-D  - ^ 4.20 

N 

slick  of  length  L 


The  criterion  we  use  for  the  presence  of  a continuous  fracture  in 
this  one-dimensional  case  is  that  the  minimum  length  of  slots  be  larger 
than  the  inter-slot  center  spacing,  i.e., 


i.e. , 


4.21 


Consider  the  situation  shown  in  Figure  4.4  in  which  there  are  N slots 
present  such  that  they  form  a fracture  and  that  the  center  of  each  wave 
is  within  the  region  indicated.  Since  the  location  of  the  wave  center 
is  randomly  distributed,  we  have 


Probability  of  the  center  of 

I 

a given  wave  being  Im  min  _ _1  4.22 

region  AB  (See  Figure  4.4)  ^ 

is 


Now  the  probability  that  each  wave  completely  occupies  its  region 
(say  AB)  is  given  by  (See  Figure  4.5): 


Probability  of  one  wave 
covering  completely  a 
region  AB 


* 

P - 


2 


Probability  that  the  wave 

center  lies  between  x -f  dx 

and  X and  Its  semi  length 

i»  greater  than  (t  -x) 
min 


4 


Assuming  that  the 

* 

P - 


wave  crest  lengths  are  Rayleigh- distributed, we  have. 


X - 0 


23 
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min 


I-- 


wave 

overlap 


dx 


'I—  X -ipj 


■/ 


H 


8einl“length  of  a wave 


Figure  4.5:  Arrangement  of  a Wave  Centered  at  x from  One 
End  of  a Region  AB 
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In  Equation  4.24, 

* 


probability  of  wave  covering  completely 
a typical  region  AB  - ^ (erf  2^  - ^rf  ^ ) 


whe  re 


min 


L 

nV7 


Probability  that  a wave  with  center 
within  region  AB  docs  not  cover  the 

* 

region  therefore  “ (1  - P ) 

Hence  the  probability  that  any  one  wave  occurs  within  a given  region 

1 * 

AB  but  does  not  cover  the  region  ■ " (1  - P ) . 


4.25 
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The  total  number  of  ways  in  which  N spaces  can  be  filled  with 
N waves,  of  which  only  one  does  not  cover  its  space  ■ N . 


Therefore,  the  weighted  probability  that  all  spaces  are  occupied 
except  o-!e . is  given  by 
N 

1 N 


Similarly  the  joint  weighted  probability  in  which  two  waves  do  not  occupy 
their  respective  spaces  simultaneously  while  the  rest  of  the  s 'aces 
are  occupied  is  : - 


Therefore,  the  total  probability  in  which  N waves  can  be  arranged  by 
taking  1,  2,  3...  at  a time  which  will  not  produce  a fracture  is; 

U f + NC^  + NC^  + . . .+ 


. [- 


H J 


4-n 


p 


9 


Hence  the  probability  that  there  exists  a cut  by  an  N wave  system  Is 

1 + ^ ■* 


uf 


- 1 - p 


■2"-  {1^^ 

-N 
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The  result  of  Equation  4.27  for  various  values  of  the  ratio  '-AfF 

and  number  of  waves  N is  shown  in  Table  '4.1.  The  first  of  the  numbers  in 

the  table  represents  the  transition  probability  of  fracture  P , and  the 

uf 

second  number  is  the  characteristic  non  dimensional  time  for  cut 
(Equation  4.19).  The  results  given  in  Table  4.1  are  compared  later 
with  results  obtained  by  a more  precise  theory. 

Complete  One-Dimensional  Formulation  of  the  Slick  Fracture  Problem: 

* 

If  there  are  N waves  present  at  any  instant  of  time  within  the  1-D 
oil  slick  (each  with  a length  of  a given  probability  of  occurrence) , then 
these  N waves  (or  slots  produced  by  them)  can  combine  In  several  ways  to 
result  in  f,  complete  fracture  of  the  oil  slick.  The  larger  the  value  of 
N,  the  larger  is  the  number  of  ways  of  combination  by  which  a fracture 
can  be  achieved.  In  fact,  the  principal  difficulty  in  determining  the 
probability  of  fracture  of  the  oil  slick  arises  in  tabulating  the  number 
of  wavs  in  which  the  slots  can  combine. 

The  explanation  of  the  physics  of  the  problem  becomes  clearer  if  we 
consider  the  case  of  a two- wave  system.  In  this  system,  first  of  all 

there  is  the  possibility  that  the  length  of  each  of  the  waves  jxceeds 

that  of  the  oil  slick,  in  which  case  a fracture  is  achieved  b>  a single 
wave  itself.  That  is,  there  are  two  such  possibilities.  In  addition, 

there  is  the  case  of  both  waves  together  forming  a cut  with  possible 

overlapping  lengths. 


*For  the  discussion  in  this  section,  N takes  only  integer  values. 
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TABLE  4.1:  Transition  Probability  (P  ,)  and  Dimensionless  Tine  Constant  (t) 

Obtained  from  Approximate^  Analysis.  Number  of  Waves  (N)  Present 
in  the  System  and  Root  Mean  Square  Length  of  Waves  ) are  the 

Parameters. 
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Therefore,  the  probability  of  fracture  by  a two  wave  system  Is 
given  by 


1 - (l-P*  ) (1  - P*) 


4.2B 


where 

* probability  of  fracture  with  a two  wave  system  , 

P*  ■ probability  that  a single  wave  alone  fractures 
the  slick. 


2 

(1-Pp  - probability  that  neither  of  the  two  waves  individually 
cuts  the  slickj  and 

Pj  ■ probability  that  both  waves  together  fracture  the 
slick  (but  not  individually). 

The  superscript  "o"  indicates  the  condition  that  all  waves  present  are 
together  necessary  to  form  a fracture. 


By  a similar  reasoning^  Equation  4.28  can  be  extended  to  a N wave 
system, 


..xN 


N(N-l) 


N(N-l) (N-2) 


Pj^  - 1 - (1-Pp  (1-P*)  2!  (1-P*)  3! 


or 


r-N  - C 


4.29 

4.30 


where 

Pjj  ■ probability  of  fracture  by  a N wave  system  ■ P^j 

“ “TTr; — vr  “ Number  of  ways  in  which  "N”  things  4.31 

r r!(N-r)! 

can  be  arranged,  taken  "r"  at  a time,  and 
n stands  for  product  of  terms. 

The  major  problem  in  evaluating  P^  arises  in  the  evaluation  of  the 

various  P*  term*’.  In  Appendix  n,  the  values  of  P*  and  P*  are  calculated. 

1 2 

Attempts  to  obtain  some  form  of  recurrence  relationship  to  evaluate  the 
various  terms  have  not  met  with  success.  However,  to  obtain  a 
reasonable  value  for  the  probability  P^^  we  propose  the  following 
approximation  to  Equation  4.29. 
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We  make  the  a priori  assumption  that: 


P*  <<  1 for  all  N > 2 4.32 

The  physical  meaning  of  this  assumption  la  that  the  probability 
of  fracture  of  the  slick  by  all  N waves  combining,  but  no  fracture 
with  less  than  N waves,  is  very  small.  This  Is  because  the  achievement 
of  fracture  with  all  N waves  participating  requires  that  they  be 
arranged  In  specific  way&  and  that  their  lengths  be  larger  than  some 
minimum  value.  The  occurrence  of  Such  situations  has  low  probability. 
Therefore: 

„ NfW-1) 

Pjj  1 1 - d-Pp"  (1-pp  2 

Because  of  this  approximation,  the  probability  of  fracture  cal- 
culated by  using  Equation  4.33  will  be  smaller  than  that  resulting 
from  Equation  4.30  (if  we  knew  all  P*  values).  Therefore,  the  pre- 
dicted oil  breakup  time  using  the  result  of  approximate  Equation  4.33 
will  be  longer  than  that  obtained  from  the  results  of  an  exact  analysis. 
Alternatively,  using  Equation  4.33,  the  sea  state  at  which  an  oil  slick 
will  be  fractured  by  breaking  waves  within  a specified  time  will  be 
more  severe  than  the  one  calculated  by  using  the  exact  Equation  4.30. 

To  this  extent,  tlse  approximation  does  not  lead  to  conservative  es- 
timates. The  results  obtained  for  a range  of  parameters  by  using  the 
Equation  4.33  are  given  in  Table  4.2.  These  results  are  discussed 
later. 

Monte  Carlo  Method  of  Estimating  the  Transition  Probability 

of  Fracture  of  an  Oil  Slick  Subjected  to  Breaking  Waves 

In  this  section  calculations  are  performed  using  the  Monte  Carlo 
method  to  estimate  the  probability  of  fracture  of  a slick  at  length  L 
subjected  to  N breaking  waves.  The  method  Involves  generating  two  random 
numbers  on  a computer  for  each  wave.  The  first  random  number  positions 
the  wave  center  relative  to  the  midpoint  of  the  slick  length.  The  second 
random  number  Is  utilised  in  estimating  the  crest  length  of  the  wave 
occurring.  By  generating  two  random  numbers  and  testing  whether  the 
waves  arrange  themselves  to  form  a fracture,  the  transition  probability 
can  be  estimated.  The  random  numbers  generated  are  In  the  numerical 
range  between  zero  and  unity. 
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For  several  such  sets  of  "throws"  (each  throw  is  the  operation  of 
generating  2N  random  numbers  for  an  N wave  system  and  testing  for  frac- 
ture) , the  probability  of  fracture  la  simply  the  ratio  of  the  number  of 
times  a fracture  Is  recorded  to  the  number  of  throws. 

With  the  first  random  number  r , we  associate  a crest  length  of  the 
wave.  We  arbitrarily  Impose  the  condition  that  when  the  value  of  the 
random  number  Is  zero,  the  crest  length  shall  be  zero;  and  when  the  value 
of  Is  1,  the  crest  length  shall  be  Infinity.  To  relate  the  value  of 
the  random  number  to  a wave  crest  length  (X) , we  use  the  following 
formula. ^ 


Similarly,  the  second  random  number  T2  generated  Is  assumed  to  give 
the  location  of  the  center  of  the  above  wave  according  to  the  equation 


X 

c 

L 


2* 
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where  X Is  measured  from  one  end  of  the  slick, 
c 

To  perceive  the  effects  on  the  values  of  transition  probability  of 
fracture  due  to  variations  In  crest  length  distributions,  wave  period,  and 
the  time  for  closing  of  the  slot,  a parametric  study  was  undertaken.  The 
root  mean  square  length  was  varied  between  0.9  through  0.4  of  the  slick 

( ^ \ 

length  u).4  ^ -j—  £ 0.9y  , and  the  ratio  of  slick  closing  time  to  wave 

time  (N)  was  varied  between  1 and  10.  [This  Is  also  the  average  number  of 
waves  present  In  the  system  - see  Equation  4.11]. 


The  results  obtained  by  using  the  Monte  Carlo  method  (Indicated  In 
this  section)  are  shown  In  Table  4.3.  The  table  contains  two  numbers  for 
each  combination  of  N and  The  first  number  printed  gives  the 

transition  probability  and  the  second  gives  the  dimensionless  charac- 
teristic time  (t)  for  slick  fracture  (see  Equation  4.19). 


This  formula  Is  derived  on  the  assumption  that  the  crest  lengths  are 
Rayleigh  distributed  and  that  r Is  the  cumulative  probability  asso- 
ciated with  a maximum  crest  length  X. 
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Table  4.3 


Transition  Probability  P ^ Obtained  From 
Monte  Carlo  Method 


N 

- 1.1111 

1.2500 

1.4286 

1.6667 

2.0000 

2 . 5000 

♦ 

1 

P , .0895 

uf 

.0285 

- 

- 

- 

- 

T - 10.7000 

34.6000 

- 

- 

- 

- 

2 

.2985 

.1960 

.1000 

.0505 

.0080 

- 

2.8200 

4.5800 

9.4900 

19.3000 

124.0000 

- 

3 

.5105 

.4015 

.2745 

.1680 

.0670 

.0140 

1.4000 

1.9500 

3. 1200 

5.4400 

14.400 

70. 9000 

4 

.6750 

.5735 

.4405 

. 3215 

.1595 

.0625 

.8900 

1.1700 

1.7200 

2.5800 

5.7600 

15.5000 

5 

. 7885 

.7190 

.5785 

.4490 

.2680 

.1170 

.6440 

.7880 

1.1600 

1.6800 

3.2100 

8.0400 

6 

.8695 

.8200 

.7125 

.5830 

.3840 

.1865 

.4910 

.5830 

.8020 

1.1400 

2.0600 

4.8400 

7 

.9180 

.8830 

.7940 

.6760 

.4895 

.2660 

.4000 

.4660 

.6330 

.8870 

1.4900 

3.2300 

8 

.9140 

.8840 

.8115 

.7365 

.5850 

.3810 

.4080 

.4640 

.5990 

.7500 

1.1400 

2.0800 

9 

.9715 

.9495 

.8885 

.8060 

.6560 

.4500 

.2810 

.3350 

.4560 

.6100 

.9370 

1.6700 

10 

.9850 

.9685 

.9240 

.8585 

.7250 

.5255 

.2380 

.2890 

.3880 

.5110 

. 7750 

1.3400 

Mote:  In  generating  the  numbers  In  this  table  2000  throws  were 
simulated. 
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This  table  shows  that,  as  the  number  of  waves  N Increases  for  a given 
root  mean  square  length  of  waves,  the  probability  of  cut  Increases  and 
the  time  decreases.  Similarly,  as  the  mean  square  length  of  waves  In- 
creases relative  to  the  slick  length  L,  the  probability  Increases. 

Results ; 

Tables  4.1,  4.2,  and  4.3  contain  results  of  the  transition  prob- 
ability estimated  by  various  methods.  The  only  coinnon  feature  of  the 
results  of  these  three  methods  Is  that  the  trend  In  the  probability 
values  Is  similar  in  each  of  the  tables.  However,  the  similarity  between 
Table  4.1  results  (obtained  by  approximate,  analytical  analysis)  and 
that  of  either  Table  4.2  or  4.3  ends  here.  Table  4.1  results  give  an 
over-estimate  of  the  transition  probability  for  given  conditions.  Hence, 
using  Equation  4.27  to  estimate  the  minimum  conditions  of  the  sea  at 
which  fracture  may  occur  will  lead  to  overly  conservative  (low  sea  state) 
values.  The  reason  for  getting  such  high  transition  probabilities,  even 
, for  a two-wave  system,  can  be  attributed  to  the  principal  assumption 
about  the  way  in  which  the  wave  centers  occur  In  given  regions.  This 
may  not  occur  In  nature  with  such  high  probability. 

The  results  of  Table  4.2  and  Table  4.3  agree  better,  at  least  for 

low  values  of  L/Zf^.  For  example,  for  N « 10  and  in  the  first  column. 

Table  4.2  Indicates  a P . value  of  0.995,  whereas  Table  4.3,  for  the 

uf 

same  conditions,  gives  a value  of  0.985.  It  has  already  been  men- 
tioned that  the  results  In  Table  4.2  are  the  lower  bounds  of  the  tran- 
sition probability  (i.e.,  actual  values  would  be  higher  than  Table  4.2 
values).  That  Monte  Carlo  results  In  Table  4.3  give  lower  values  Indi- 
cates that  a larger  number  of  throws  (than  the  present  2000)  should  be 
used.  On  the  other  hand,  for  N ■ 10  and  L//i^  ” 2.5,  Table  4.2  gives 
0.2537,  whereas  Table  4.3  gives  P^^  • 0.5255,  the  latter  of  which  Is  a 
closer  value  to  the  correct  value. 

It  can,  therefore,  be  argued  that  for  root  mean  square  length  values 
of  the  waves,  which  are  not  too  different  from  the  slick  length  (L)  values. 
Equation  4.33  adequately  describes  the  transition  probability.  For  length 
ratios  L//^  larger  than  2,  use  of  Equation  4.33  will  result  In  more  than 
lOOZ  error  In  the  predicted  transition  probability  value  and  correspon- 
dingly larger  errors  In  t.  In  such  cases  the  only  resort  Is  to  a Monte 
Carlo  method  with  a larger  number  of  tries. 


Miimgrlcal  Example 

Consider  the  spill  of  crude  oil  of  the  following  quantity  and 

properties : 

Spill  Volume 
Density  of  oil  (assumed) 

Oil  thickness  (assumed) 

Diameter  of  oil  slick  (with  no  mass  loss) 

3 


- 10^  gallons  - 24,000  bbls  - 3.785  x lO^m^ 

- 950  kg/m^ 

- 0.02  m 


4 

— X 

n 


3.785  X 10' 

0.02 


490  m 


Based  on  gravity  inertia  spread  theory  for  Instantaneous  release  the 
above  diameter  is  reached  in  about  40  minutes. 


Height  of  breaking  waves  (assumed) 

Width  of  slot  opened  in  oil  (assumed) 
Time  for  closing  up  the  slot 
(calculated  using  the  maximum  speed  of 


■ 3m 
■3m 

T ■ 15  seconds 


spread  of  2 cm  thick  oil,  see  Equations  4.9  and  4.10). 


Assumed  period  of  breaHnv  waves 

Assumed  root  mean  square  length  of  breaking  wave 


6 seconds 
200  m 


Hence  from  Equation  4.11,  we  have: 

N ■ average  number  of  waves  present 


also 
L 

v? 


500 

200 


2.5 


2.5; 


If  we  refer  to  Table  4,2,  we  find  that  there  are  no  data  for  N»2.5 
Hence  we  Interpolate  (for  the  present  purposes  a linear  Interpolation)^ 
i.e.  , 

■ transition  probability  ■ 0.01319  . 

Hence,  from  Equation  4.19: 


This  value  may  be  Coo  high.  Since  no  correlation  is  available  relating 
to  the  sea  state  and  r.m.s.  crest  length  of  breaking  waves  in  the  oceans, 
we  retain  this  value  for  illustration. 
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i.e. , 

t “ T X T « 451.8  sec  = 8 min 
c w 

This  indicates  that  for  the  above  assumed  data  the  slick  should  be  frac- 
tured with  632  probability  in  about  8 minutes,  or  with  higher  than  95% 
probability  in  30  minutes. 

Using  the  results  obtained  from  the  Monte  Carlo  simulation  (Table  4.3), 
we  get : 

P , = 0.007 
uf 

T = 142 

i.e.  , 

t » 854  sec  = 15  min. 
c 

The  calculations  above  Indicate  that  there  is  a high  probability  that  the 
slick  will  rupture  within  about  1 hour  after  the  spill,  if  subjected  to 
the  above  kinds  of  waves. 

Discussion ; 

The  model  proposed  in  this  section  is  for  one  of  several  ways  in 
which  the  breaking  waves  may  interact  with  oil  slicks  on  the  ocean.  It 
is  not  certain  whether.  Indeed,  the  scenario  presented  by  this  model  will 
be  duplicated  by  nature.  The  crucial  assumption  that  has  been  made  in 
developing  the  model  is  that  "slots"  are  created  in  the  slick  by  the 
action  of  the  breakers.  Sufficient  experimental  data  do  not  exist  at 
present  either  to  support  or  to  contradict  the  assumption.  It  is,  there- 
fore, to  be  assumed  that  the  model  is  derived  and  analyzed  to  visualize 
what  might  happen  should  Indeed  the  waves  interact  with  the  slick  as 
proposed. 

The  other  assumptions  made  in  the  model  and  their  effects  on  the 
analysis  have  already  been  discussed.  It  suffices  to  state  that  the 
breaking  wave  field  in  the  ocean  has  been  described  in  very  simple  terms. 

The  question  of  whether  the  idea  of  trains  of  breaking  waves  is  an  over- 
simplification of  the  actual  conditions  and,  if  so,  what  effect  this  may 
have  on  the  predictions  of  the  sea  state  for  slick  fracture  has  not  been 
addressed  in  this  model. 
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The  underlying  principle  in  formulacing  the  slick-breakage  problem 
is  that, given  a "long  time"  and  exposure  of  Che  slick  to  a sequence  of 
breaking  waves,  there  exists  a finite  probability  of  slick  fracture. 

This  probability  of  fracture  increases  as  the  time  or  age  increases. 

In  effecttthe  process  of  slick  fracture  is  assumed  to  be  a Markor 
process  with  probability  of  transitions  from  "uncut"  to  "cut"  events. 

Given  this  premise,  Chen,  the  only  parameter  that  describes  whether 
a slick  undergoes  fracture  in  "reasonable  time"  is  the  characteristic 
tlsie  of  the  process.  The  formulation  of  the  problem  is  aimed  at 
calculating  this  characteristic  transition  time. 

The  model  has  been  formulated  for  the  two-dimensional  case,  but  detailed 
solutions  have  been  obtained  only  for  the  1-D  case.  Even  for  the  one- 
dimensional  case  the  mathematics  become  extremely  tedious  and 
complicated.  However,  it  was  felt  that  solving  the  1-D  case  would  give 
insight  into  the  conditions  for  break-up  of  a 2-D  slick.  The  criterion 
for  slick  fracture  obtained  by  a 1-D  analysis  will  give  a more  conservative 
sea  state  estimate;  that  is,  the  sea  state  predicted  by  the  1-D 
analysis  for  slick  fracture  (in  the  sense  of  the  above  model)  will  be 
lower  than  the  sea  state  predicted  if  the  2-D  case  had  been  solved  in 


The  results  obtained  for  the  1-D  model  are  Indicated  in  Tables  4.1 
through  4.3.  The  first  table  Indicates  the  transition  probabilities 

and  the  time  constant  for  a range  of  values  of  the  parameter 
and  for  the  slick  breakage  by  different  number  of  waves.  The  values  in 
this  table  have  been  obtained  by  a very  simple  1-D  approximate 
mo  lei.  The  calculations  indicate  that, as  the  length  ratio  is  nearer 
to  unity, the  probability  for  breakage  Increases  and  the  time  (characteristic) 
de-'reases.  Needless  to  say,  as  the  total  number  of  waves  (N) 
contributing  to  the  fracture  at  any  given  Instant  decreases,  the  pro- 
bability of  fracture  increases.  However,  Table  4.1  shows  that  high 
probability  values  (89X  and  above)  are  predicted  by  this  approximate 
model,  even  when  the  number  of  waves  is  only  three  and  the  length 
ratio  is  2.0.  This  is  rather  unlikely.  Values  in  Tables  4.2  and 
4.3  have  been  obtained  by  more  exact  formulation  and  by  a Monte  Carlo 
scheme,  respectively.  They  indicate  that  as  the  length  ratio 
Lj|f  — 2 differs  from  unity  significantly,  the  transition  probability 


decreases  rapidly.  The  physical  meaning  of  this  is  quite  clear;  It 
means  that  the  probability  of  slick,  fracture  by  waves  whose  r.m.s. 
crest  length  is  considerably  less  than  (l.e,,  say,  1/2  or  less)  the 
slick  width  Is  very  small.  The  interpretation  of  this  result  is  that 
large  oil  slicks  cannot  be  fractured  by  breaking  waves  whose  crest 
lengths  are  small  compared  to  the  principal  dimension  of  the  slick, 
unless  their  frequency  of  occurrence  is  very  high.  In  the  latter 
case,  there  will  be  large  number  of  waves  (N)  at  any  given  instant 
within  the  oil  slick  and,  therefore,  slick  fracture  nay  result. 

Finally,  the  assumption  made  regarding  the  way  in  wliich  the  "slot" 
in  the  oil  slick  will  tend  to  close  needs  experimental  verification. 

The  problem  of  slot  closing  during  the  spreading  of  the  oil  slick  is  an 
extremely  complicated  problem  to  analyze.  What  we  have  done  is  merely 
an  order  of  magnitude  calculation  for  the  time  to  recombine. 

Conclusions : 

A model  has  been  proposed  for  the  breakage  of  an  oil  slick  due 
to  the  breaking  action  of  the  waves.  Several  crucial  assumptions  have 
been  made  in  the  formulation  of  the  model  which  need  experimental 
verification.  The  model  formulated  has  been  solved  for  a one-dimen- 
sional case  only.  The  results  indicate  that  large  slicks  cannot  be 
broken  up  by  breaking  waves,  unless  their  crest  lengths  are  comparable 
to  the  size  of  the  slick  or  their  frequency  of  occurrence  is  very  high. 

In  this  model  no  consideration  is  given  to  the  possible  fracture 
of  a slick  by  the  combined  action  of  breaking  waves  and  the  oil  property 
variations  in  the  oil  slick. 

4.2.3  Surface  Dispersion  of  Oil  Slicks  by  Langmuir  Circulation 

It  is  a common  observation  that  when  oil  leaks  continuously  from 
a fixed  source  (such  as  from,  say,  a grounded  and  leaking  tanker),  an 
elongated  slick  develops  when  wind-driven  or  surface  currents  are 
present.  Many  times  it  is  observed  that  in  the  presence  of  strong 


winds,  foam  and  debris  on  the  ocean  align  themselves  In  long  streaks 
parallel  to  the  wind  (windrows).  It  Is  a common  belief  that  this 
phenomenon  Is  brought  about  by  the  presence  of  circulations  termed 
"Langmuir  circulations,"  whose  axes  are  aligned  in  the  wind  direction. 

The  Langmuir  cells  may  concentrate  oil  slicks  in  longitudinal 
windrows  parallel  to  the  wind.  Only  in  the  recent  few  years  has  any 
analysis  been  made  of  the  Langmuir  circulation  — what  little  is  known 
of  these  circulations  concerns  their  downwelllng  speeds  beneath  lines 
of  convergence.  Scott  et  al.  (1969)  have  performed  experiments  from 
which  they  estimate  that  the  downwelllng  speed  Is  about  0.85%  of  the 
wind  speed.  If  it  Is  assumed  that  the  horizontal  speeds  of  water  at 
the  surface  are  comparable,  then  an  approximate  estimate  can  be  made 
of  the  thickest  slick  that  can  be  fractured  by  Langmuir  circulation. 

Such  a calculation  is  given  below. 

The  model  proposed  for  slick  breakage  by  Langmuir  circulations 
Is  schematically  illustrated  in  Figure  4.6.  Consider  an  oil  slick 
of  uniform  thickness  subjected  to  a Langmuir  circulation  as  shown 
In  Figure  4.6.  At  the  position  of  upwelling  the  slick  is  drawn  apart 
by  the  diverging  flow  and  at  the  position  of  the  downwelllng,  the 
oil  either  may  be  carried  down  or  may  be  thickened  by  the  converging 
flow.  However,  because  of  the  thickness  variations  the  oil  tends  to 
spread  against  the  water  flow  (due  to  the  gravitational  head) . If  the 
thickness  is  such  that  the  gravitational  spread  s^eed  (see  equation  4.9) 
is  higher  than  the  speed  of  the  diverging  surface  currents,  then  the 
slick  will  be  stable  and  not  break.  Using  this  idea  we  calculate  the 
critical  slick  thickness  for  slick  breakage  as  follows: 
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(a)  Thickness  greater  than  critical 


(c)  Less  than  critical;  thickness  increases  until 
patch  attains  critical  thickness. 


figure  A. 6:  Oil  slick  breakage  by  wind -generated  Langmuir  circulations. 
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Langmuir  cell  speed  Spreading  speed 

generated  by  wind  oil  of  thickness 

Hence, 

h 

c 

Figures  4.6b  and  4.6c  illustrate  schematically  what  the  physical 
situation  may  be  for  critical  thickness  oil  film  and  hypo-critical 
thickness  when  subjected  to  Langmuir  circulation  cells.  Equation  4.37 
is  also  plotted  in  Figure  4.7  for  oil  of  density  900  kg/m  . 

Figure  4.7  indicates  that  as  the  wind  speed  increases  the  critical 
slick  thickness  also  Increases,  parabollcally . It  is  seen  that  a 10  m/s 
wind  will  not  create  sufficiently  energetic  circulation  to  fracture 
slicks  of  thickness  larger  than  about  0.75  cm.  The  wind  speed  corres- 
ponds to  a fully  developed  sea  state  of  about  2 m significant  wave 
height.  It  is  recalled,  however,  that  the  wave  effects  were  not  con- 
sidered in  developing  the  estimate  for  the  critical  oil  thickness  that 
will  be  broken  up  by  Lnagmuir  circulation  (Equation  4.37).  In  fact,  the 
combined  action  of  wind-generated  Langmuir  circulation,  wave  action,  and 
other  perturbations  (non-circulating  surface  current)  may  all  Interact 
in  such  a way  as  to  enhance  the  effect  on  the  breakup  of  the  oil  slick. 

In  such  a case,  the  estimate  made  using  Equation  4.37  will  not  be  con- 
servative, because  slicks  thicker  than  the  predicted  may  break  up.  That 
is,  the  sea  state  estimate  for  slick  fracture  made  by  using  Equation  4.37 
will  be  higher  than  the  actual  sea  state  at  which  the  slick  may  undergo 
surface  fracture  of  the  type  discussed. 

The  effects  of  Langmuir  circulations,  breaking  waves,  and  turbulence 
in  the  upper  ocean  in  dispersing  the  oil  vertically  into  the  water 
column  are  discussed  in  the  next  section. 
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Critical  Slick 
Thickness  (cm) 


Figure  4.7;  Relationship  between  Critical  Thickness  and 
Wind  Speed  for  Fracture  of  a Slick  by  Wlnd-^ 
driven  Langmuir  Circulation 
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4 . 3 Depth-wise  Dispersion  of  Oil  In  the  Oceans 

In  Section  4.2  only  the  surface  fracture  and  dispersion  of  oil 
slicks  was  considered.  In  this  section  the  dispersion  of  oil  in  Che 
form  of  globules  Into  the  water  column  is  discussed. 

Oil  floating  on  an  ocean  Is  subjected  to  several  forces^  such 
as  the  wind,  the  waves,  and  water  currents.  Under  suitable  conditions, 
portions  of  the  oil  slick  may  become  unstable  and  break  up  into 
small  globules.  One  such  scenario  for  the  formulation  of  globules 
has  been  discussed  In  Section  3.4.  In  very  rough  seas,  globulation 
of  oil  will  occur  under  a breaking  wave.  The  intensely  turbulent 
water  cascading  down  the  face  of  a spilling  wave  will  tear  the  oil 
slick  apart  locally,  producing  a myriad  of  globules.  These  globules 
of  oil  will  be  driven  into  the  depths  of  the  water.  The  objectives 
of  the  analyses  given  in  this  section  are  to  predict  how  the  globules 
of  oil  behave  In  the  water,  how  long  they  stay  inside  the  water,  how 
their  motion  will  be  altered  by  the  turbulence,  and  finally  how  to 
obtain  a relationship  among  sea  conditions,  breaking  wave  parameters, 
energies,  and  the  time  history  of  the  motion  of  globules.  From  such 
analyses,  the  fraction  of  the  oil  slick  that  is  dispersed  into  water 
as  globules  at  any  given  Instant  of  time  can  be  evaluated. 

4.3.1  Overview  of  the  Physical  Mechanisms  of  Globular 
Dispersion. 

Consider  the  event  of  a spl  lllng  wave  occurring  within  an 

area  of  the  sea  covered  by  an  ol  1.  slick.  Depending  upon  the  size  of 
the  wave  ana  Its  principal  frequency  (or  alternatively  the  length 
of  tne  breaking  wave),  the  wave  loses  the  energy  over  a certain  run, 

and  the  white  capping  ceases  after  this  length.  This  loss  In  wave 
energy  will  be  transferred  to  the  water  in  the  forrj  of  turbulent  energy, 
and  may  also  be  manifest  as  mean  kinetic  energy  of  water  motion.  In  the 
presence  of  oil  a part  of  this  wave  energy  will  be  utilized  in  tearing 
the  oil  film  and  producing  the  globules.  It  Is  not  known i however, 
what  the  size  distribution  of  the  globules  will  be, and  how  this  dis- 
tribution will  depend  on  the  wave  parameters,  olltand  water  properties.  | 
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The  globules  so  formed  underneath  the  breaking  wave  will  be 
Imparted  a dovmward  kinetic  energy  by  the  tumbling  action  of  the  water 
down  the  face  of  the  wave.  Again  the  fraction  of  the  dissipated  wave 
energy  that  Is  utilized  In  Imparting  Initial  motion  of  the  globules 
of  oil  Is  not  known  and  has  to  be  determined  by  careful  experimentation. 
The  globules  that  are  moving  downward  In  water  experience  different 
magnitudes  of  buoyancy,  drag,  and  fluctuating  pressure  forces  depending 
mainly  on  their  size.  Even  if  one  considers  a single  size  of  oil 
globules,  each  globule  experiences  a certain  deterministic  force 
(due  to  buoyancy  and  drag)  and  a random  force  due  to  the  turbulence 
In  the  water,  with  the  result  that  not  all  globules  behave  identically, 
even  whei  their  sizes  are  the  same.  Each  globule,  whatever  Its  size, 
ultimately  ceases  its  vertical  downward  motion  (because  of  the  hydro- 
dynamic  drag  and  the  upward  buoyancy  force)  , sto  )s  and  rises  again, 
this  time  being  forced  up  by  the  buoyancy  force.  However,  the  time 
and  the  depth  at  which  the  direction  of  motion  changes  depend  on  the 
size  and  Initial  downward  speed  imparted  by  the  breaking  wave. 

During  the  entire  downward  and  upward  motion  of  the  globules, the 
turbulence  generated  by  the  breaking  wave  in  the  water  column  is  non- 
stacionary  and  in  many  cases  varies  with  depth.  The  analysis  of  the 
motion  of  oil  globules  subjected  to  the  nonstationary,  nonhomogenous 
turbulent  fluctuations  is  extremely  complicated. 

The  variation  in  globule  sizes  and  their  size-dependent  motion 
dyr amics , coupled  with  the  effect  of  turbulence , results  in  a distribution 
of  oil  globules  with  depth  at  every  instant  of  time.  Because  of  the 
inherent  randomness  of  the  turbulent  velocity  fluctuations,  one  can 
only  speak  of  the  probability  of  finding  a given  oil  globule  at  any 
specified  depth  at  a specified  instant  of  time.  For  the  ensemble  of 
oil  globules  as  a whole  (of  a given  size), one  can  speak  of  the  number 
density  distribution  with  depth  at  a given  time. 
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* Tlie  globules  that  are  near  the  water  surface  may  coalesce  to  form 

again  an  oil  film.  The  subsequent  globules  that  arrive  at  the  water 
surface  may  be  captured  by  the  film  or  may  bounce  off  the  film  back 
Into  the  water  column.  As  of  now  there  does  not  exist  a quantitative 
estimate  for  the  "capture  efficiency"  of  the  films  of  oil.  In  our 

I 

I analysis  presented  In  this  section  It  Is  assumed  that  all  of  the 

globules  that  arrive  at  the  water  surface  are  captured  and  the  film 
thickness  steadily  .therefore .Increases . 

The  mass  of  oil  on  the  water  surface  per  unit  sea  area  goes  from 
lOOX  before  the  occurrence  of  the  breaking  wave  to  02  immediately 
after  the  breaking  wave  occurs  in  the  eiven  location.  Subsequently  the  mass 
of  oil  on  the  surface  per  unit  area  in  the  same  location  Increases 
initially  slowly  from  02  to  1002  (rapidly  toward  the  end)  when  the 
globules  rise  up  and  coalesce  to  form  a film.  The  turbulence  In 
water  tends  to  Increase  the  time  over  which  this  phenomenon  takes 
[ place. 

The  analytical  models  derived  in  the  subsequent  sections  are 
based  on  the  above  physical  picture  of  the  dispersion  of  oil  globules. 

The  first  part  of  the  analysis  is  concerned  with  the  evaluation  of 
the  energy  dissipated  by  the  breaking  waves.  Subseouent  analyses 
I deal  with  the  dynamics  of  motion  of  oil  globles  under  the  Influence 

of  turbulence,  buoyancy,  and  other  foVces. 
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4.3.2  Dynamics  of  Oil  Globules  In  a Vertical  Plane 


In  this  section  the  motion  of  globules  of  oil  In  quiescent 
water  Is  dlscusssed  briefly.  The  results  obtained  are  utilized  In 
sections  to  follow. 

The  motion  of  liquid  drops  In  another  liquid,  generated  by  the 
buoyancy  force  or  weight,  Is  an  extremely  complicated  phenomenon 
because  of  the  circulation  generated  In  the  drop  by  the  motion.  In 
addition,  Instabilities  Inherent  In  the  motion  result  in  the  path 
of  the  drop  being  zig-zag  and  most  of  the  time  being  somewhat  helical. 
A comprehensive  analysis  of  the  motion  with  circulation  Included  is 
given  by  Levlch  (Chapter  VIII,  1962).  It  is  contended  that  for  very 
small  drops,  or  for  drops  coated  with  a surface  active  agent,  the  drop 
motion  can  be  represented  analytically  by  the  motion  of  an  equivalent 
solid  spherical  drop.  Since  crude  oil  consists  of  various  components, 
some  of  which  drastically  change  the  surface  chemistry,  we  assume, 
for  the  analysis  given  below,  that  the  motion  of  oil  drops  (irres- 
pective of  size)  can  be  described  by  the  motion  of  an  equivalent 
solid  sphere  of  the  same  density.  Then,  for  evaluating  the  terminal 
velocity  of  the  rise  of  an  oil  drop  of  dianeter  d,  we  write; 
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Resisting  drag  force 

where  u^  Is  the  terminal  velocity. 

The  drag  coefficient  Cq  In  the  above  equation  is  dependent  on  the 
Reynolds  number  u^  S)  substantially  a constant  at  about 

0.5  for  spherical  particles  at  Reynolds  numbers  beyond  a value  of 
100.  For  Reynolds  numbers  below  10,  value  Is  related  by  the  for- 
mula (laminar  regime): 
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The  solution  of  Equation  4.38  Is  very  simple  for  constant  Cp 
and  slightly  more  complicated  when  Cp  Is  a function  of  the  speed. 

In  Figure  4.8  the  terminal  velocity  (In  the  form  of  dimensionless 
terminal  Reynolds  number,  plotted  as  a function  of  the  diameter 

and  density  of  the  drop.  Also  shown  In  the  figure  are  the  velocities 
for  two  specific  diameter  oil  drops  of  specific  gravity  0.9,  rising 
In  water. 


For  example,  consider  a 1 cm  and  a 1 nn  droplet  of  oil  with  spe- 

”6  2 *1 

cific  gravity  0.9  In  water  of  kinematic  viscosity  v » 10  ms. 

The  buoyancy  terms  (abscissa)  are  6.12  and  3.12,  respectively,  corres- 

3.22  1 . 38 

ponding  to  Reynolds  numbers  of  10  ' and  10  ’ . The  terminal  vel- 

ocities are,  therefore,  0.166  ms  ^ and  0.024  m s The  smaller  drop- 
let's Reynolds  number  is  less  than  that  for  which  the  drag  coefficient 
Is  essentially  constant  which  makes  the  use  of  Figure  4.8  Important. 
For  droplets  1-cm  in  diameter  and  larger,  the  drag  coefficient  Is 
fairly  uniform  and  one  may  use  the  expression: 
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where  u^  Is  the  terminal  velocity  and  s la  the  specific  gravity  of 
oil  relative  to  water. 


It  Is  generally  assumed  In  the  literature  that  If  the  water  itself 
Is  In  motion  (as  Is  the  case  In  the  ocean  because  of  wave  effects  and 
currents)  the  oil  drops  move  at  terminal  velocities  relative  to  the 
motion  of  the  water  in  the  Immediate  vicinity  of  the  oil  drop.  This 
will  be  true  only  if  the  water  Itself  is  not  accelerating.  In  an 
accelerating  flow  surrounding  the  drop,  there  occurs  an  additional  force 
on  the  droplet  due  to  the  fluctuations  of  the  pressure  gradient  from  the 
hydrostatic.  Hence,  the  actual  buoyancy  force  on  the  drop  Is  given  by: 

J Po  (8  - v)  4.42 


* The  negative  sign  In  Equation  4.42  Indicates  that  force  Is  In  a 
direction  opposite  to  that  of  g.  The  velocity  v Is  assumed  to  be 
positive  If  It  Is  In  the  direction  of  gravity. 
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Figure  4.8:  Variation  of  droplet  terminal  velocity  with 
diameter. 


where  v is  the  acceleration  and  v is  the  velocity  of  the  surrounding 
fluid.  This  velocity  v is  to  be  assumed  to  be  uniform 

over  the  space  occupied  by  the  drop. 

In  the  ocean  the  water  particles  will  be  subjected  continuously 
to  accelerations  and  decelerations  due  to  the  wave  motion.  However, 
these  accelerations  are  small  compared  to  the  acceleration  due  to 
gravity  (except  at  the  Instant  of  breaking  when  the  acceleration  at 
the  crest  can  be  as  high  as  1/2  g) . Therefore,  for  most  analyses 
involving  the  vertical  motion  of  oil  globules  in  the  sea  the  extra 
forces  on  the  globules  due  to  water  accelerations  can  be  neglected. 

In  the  case  of  droplets  moving  vertically  in  a water  body  having 
an  arbitrary  and  random  motion,  the  motion  of  the  droplets  has  to  be 
analyzed  by  taking  the  system  hysteresis  (droplet  inertia)  into 
consideration.  The  hydrodynamic  forces  on  spheres  with  arbitrary 
motion  histories  cannot  be  reliably  predicted  from  current  theories. 
Presently,  the  best  available  formalism  is  to  adopt  a quasi-steadv 
square -law  drag  of  the  following  type; 
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(with  Cp  = 0.4) 

and  an  added  inertial  term  (exclusive  of  the  droplet's  own  mass 
inertia) 


P d u C 


4.44 


where  Cj  » 0-5. 

In  the  above  expressions  u and  ^ are  respectively  the  velocity 
and  acceleration  of  the  droplet  relative  to  the  surrounding  fluid. 
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The  transient  motion  of  the  droplets  can  then  be  analyzed  by  writing 
an  equation  for  the  balance  of  forces  Involving  the  Inertia,  added  Iner- 
tia, buoyancy,  weight,  and  the  drag.  In  Section  4. 3, 6.1,  an  analysis  Is 
performed  using  the  above  Ideas  to  determine  the  vertical  motion  of  the 
oil  globules. 

4.3.3  Vertical  Dispersion  by  Langmuir  Circulations 

Langmuir  circulation  cells  have  been  reported  to  have  downwelling 
speeds  of  about  0.85%  of  the  wind  speed  at  and  below  their  convergence 
lines.  Such  a circulation  can  pull  certain  oil  droplets  below  the  sur- 
face when  the  downwelling  speed  is  greater  than  the  droplets'  terminal 
velocity.  This  mechanism  will  not,  however,  hold  a particle  below  the 
surface  Indefinitely,  since  the  water  flow  diverges  with  depth,  the  oil 
particles  will  return  to  the  surface  away  from  the  convergence  lines. 
Figure  4.9  Illustrates  the  suggested  flow  pattern.  If  the  strongest 
downwelling  is  assumed  to  occur  at  the  convergence  line,  the  biggest 
droplets  will  be  concentrated  in  this  region.  Smaller  droplets  can  be 
swept  to  greater  depths  and  spread  to  greater  horizontal  extent.  As 
particle  diameters  tend  to  zero,  they  will  be  swept  around  the  cells  as 
if  they  were  water. 

Assuming  that  the  downwelling  speed  Is  0.85%  of  wind  speed, 
we  have  calculated  the  size  of  oil  particles  that  may  be  swept  into  the 
circulating  water.  This  calculation  involves  equating  the  water  speed 
to  the  terminal  velocity  of  the  drop.  All  drops  larger  than  this 
critical  drop  size  will  not  be  carried  down  by  the  downwelling  current. 
Figure  4.10  Illustrates  the  result  obtained  from  such  a calculation 
(the  calculation  of  terminal  velocity  was  treated  in  the  previous 
Section).  The  critical  size  that  may  be  In  suspension  is  plotted  as  a 
function  of  the  wind  speed.  It  is  seen  that  even  a 20  m/s  wind  speed 
(=  40  knots) »only  10  mm  and  smaller  diameter  oil  globules  would  be 
carried  down.  Figure  4.8  shows  that  the  terminal  velocity  of  drops 
smaller  than  1 cm  cannot  be  adequately  represented  by  a constant  drag 
coefficient.  The  lines  shown  on  Figure  4.10  Illustrate  this  effect. 

The  "exact  theory"  la  the  curve  obtained  by  taking  the  proper  value 
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Figure  4.10:  Oil  droplet  diameters  affected  by  l.angmuir  circulations, 

as  a function  of  wind  speed 


of  the  terminal  velocity  for  a given  diameter.  There  are  two  regions 

In  Figure  4.10.  To  the  right  of  the  curve,  the  region  Is  tabled 

"sinking  droplets",  meaning  that  If  the  droplet  size  Is  below  that 
represented  by  the  curve,  the  droplet  will  "sink"  due  to  Langmuir 
circulation.  Similar  interpretation  Is  given  for  the  "rising  droplets" 
(in  that  they  stay  at  or  near  the  oil  slick).  This  mechanism  may 
provide  an  explanation  for  oil  droplets  encountered  at  depths  by 
some  Investigators.  Alone,  however.  It  cannot  account  for  vertically 
dispersed  droplets  because  It  probably  lacks  the  local  Intensity 
needed  to  generate  oil  droplets  trom  a continuous  slick.  Regrettably 

little  Is  known  of  these  circulation  kinematics.  Further  efforts 

to  determine  flow  patterns  and  intensities  are  necessary  to  yield 
quantitative  results,  such  as  vertical  oil  mass  distributions  and 
particle  residence  times. 

4.3.4  Estimation  of  the  Probability  of  Wave  Breaking  and  the 
Energy  Dissipated  during  Breaking 

The  most  intense  turbulent  mixing  at  the  ocean  surface  occurs 
within  the  crest  of  a breaking  wave.  Oil  lying  on  the  surface  prior 
to  the  breaking  will  be  mixed  Into  the  water  column  and  dispersed  In 
droplet  form  by  the  ensuing  turbulence.  Non-breaking  waves  are  rather 
well  understood  through  extensive  analytic  and  experiments!  research 
beginning  In  the  mld-19th  Century,  but  the  breaking  process  — the 
detailed  kinematics  and  dynamics  — has  only  recently  received  attention. 
To  render  wave  theories  useful  in  the  study  of  turbulent  mixing  on 
the  ocean  surface,  one  must  utilize  spectral  representations  of  the 
ocean  wave  energy  distribution,  probaballst Ic  descriptions  of  the 
wave  elevation,  and  idealizations  concerning  the  maximum  wave  steep- 
ness. In  the  analysis  given  below,  predictions  of  the  temporal  and 
spatial  distributions  of  breaking  waves,  as  well  as  the  energy  dis- 
sipated, are  made. 

Longue t -Higgins  (1956,  1975)  has  shown  that  the  probability 
distribution  for  the  amplitude  envelope  of  a narrow  band  random  sea 
is  given  by  the  Rayleigh  distribution: 
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Here  a is  the  amplitude  of  a wave  elevation  record  given  by  n,  so 
that  a sinusoidal  wave  of  frequency  w would  be  given  by 


n (t)  = a sln(tijt) 
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Linear  wave  theory  quite  accurately  predicts  the  relation  between 
wave  frequency  and  length.  This  dispersion  relation  and  related 
definitions  are 
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For  single-frequency  plane  progressive  waves,  the  limiting  wave  height 
is  well  established  as  a fraction  of  the  wave  length  X.  The  exact 
theory  of  Stokes  gives  the  wave  steepness  5 = 2aX  ^ equal  to  0.142. 

Using  linear  theory  and  the  same  physical  criteria  (one-half  g downward 
acceleration  at  the  crest),  one  sees  that  the  steepness  Increases  to 
(2")  . Recent  experimental  work  on  the  kinematics  of  wave  breaking 

in  deep  water  by  Van  Dorn  and  Pazan  (1975)  shows  breaking  to  occur 
when  6 is  in  the  range  0.125  to  0.135.  When  the  height  is  rapidly 
growing,  they  found  the  wave  steepness  attained  the  high  end  of  the 
above  range,  whereas  slowly  varying  wave  crests  broke  when  the  steep- 
ness reached  the  lower  limit. 

The  specification  of  a limiting  maximum  wave  amplitude  requires 
both  a steepness  criterion  and  a wavelength.  Selecting  a wavelength 
is  rather  difficult  since  the  sea  is  perceived  as  being  random.  If 
one  can  assume  that  the  randomness  is  narrow  band,  however,  considerable 
progress  can  be  made.  This  assumption  is  made  somewhat  less  tenuous 
by  the  recent  work  — ensuing  from  the  .lONSWAP  experiments 
(Hasselmann  et  al . , 1973)  — which  has  shown  sea  spectra  to  be  narrower 
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in  bandwidth  than  previously  believed.  The  JONSWAP  spectrum  Is  adopted 
for  this  study  since  It  has  been  shovm  (Hasselmann  et  al. , 1976)  to 
represent  both  developing  and  fully  developed  spectra.  The  JONSWAP  spec- 
trum Is  given  by: 
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This  form  is  similar  to  the  more  familiar  Pierson-Moskowitz  spectrum, 

differing  only  In  the  unspecified  Phillips'  constant  a,  modal  frequency 

0)  and  "peak  enhancement"  given  by  the  second  term  in  the  exponent.  The 
m 

expected  frequency  of  a zero-mean,  narrow  band  random  process  Wq  Is  deter- 
mined by  the  average  rate  of  upcrosslngs  of  the  mean  (zero)  level. 

Crandall  (1963)  gives: 


oa 

2 

/ 0)  S (w)  dm 


oo 

/ S (m)  dm 
o 


4.49 


Taking  Y “ 3.3,  o - 0.07  (m  ^ m^jj)  and  a - 0.09  ( cji  mjj,)  , the 

expected  frequency  of  the  JONSWAP  spectrum  has  been  found  to  be  1.2871  • 

Hasaelman  et  al.  (1976)  show  that  the  two  JONSWAP  spectrum 
parameters  closely  follow  the  relation 
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the  wind  speed  U (at  10  meters  above  mean  sea  level) , and  the  acceler- 
ation of  gravity.  For  a fully  developed  spectrum,  the  modal  frequency 
is  determined  such  that  the  wave  phase  speed  roughly  equals  the  wind 
speed.  In  developing  spectra,  the  waves  travel  more  slowly  (higher  fre- 
quency) and  draw  energy  more  rapidly  from  the  wind  to  maintain  their 
growth  in  height  and  length. 

Breaking  amplitude  Is  related  to  the  wave  length  corresponding 
to  the  expected  wave  frequency  by  the  steepness  criterion.  That  is; 


Using  the  relationship  between  the  wavelength  and  frequency  for  deep 

, 2 2Tig, 

water  waves  (to  « 8®t : 


% - 


4.51 


where  to^  Is  the  expected  frequency  (see  equation  4.49). 

For  comparison,  the  mean  square  wave  elevation  n2,  as  calculated  from 
the  JONSWAP  spectrum.  Is 


- 3.046  X 10~^  a g^  w 


and  the  breaking  amplitude  can  be  expressed  as 


4.52 


-1/2  2 

a.  - 1.087  It  6 a (n  ) 

D 


1/2 


4.53 


The  probability  distribution  for  the  wave  elevation  n is 
Gaussian. 


p(n) 


exp  (- 


4.54 


f2ii 


With  the  approximation  of  Equation  4.52,  one  can  estimate  both  the 
fraction  of  time  wave  breaking  takes  place  at  a point  and  the  fraction 
of  space  occupied  by  wave  breaking.  This  probability  of  breaking  Is: 

(noting  that  breaking  occurs  only  when  the  elevation  is  positive) 


1 -1/2 
p(n)  dn“  2 ^^fc  (0.7686  it  6 a ] 


4.55 
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where  the  argument  of  the  complementary  error  function  is  expressed  in 

terms  of  the  steepness  limit  and  Phillips  constant.  The  probability 

2 -1 

of  breaking  for  typical  values  of  6 a is  shown  in  Figure  4.11. 

The  frequency  of  wave  breaking  at  a point  is  given  by  the  rate  of 
upcrosslngs  of  the  level  n =■  a^.  Crandall  (1963)  gives  this  rate  for 
a narrow  band  Gaussian  process  as: 


u)  exp  r~0.5909  6^ 

2.  o P [ ^ 


4.56 


The  rate  of  breaking  wave  events  together  with  the  overall  probability 
that  a wave  is  breaking  Pg  establishes  the  average  length  of  time  during 
which  a wave  continues  to  break.  This  length  of  time,  made  dimension- 
less with  the  expected  period,  2it  is: 


111  T 
o 

2ti 


B 


I [exp  (0.5909 


, 0.7686  TT  6 ^ 
))  erfc  (— — ) 


a 


.1/2 


4.57 


During  the  breaking  process  the  crest  of  the  wave  will  advance  a distance 
equal  to  a fraction  of  the  expected  wavelength.  This  fraction  is  the 
same  as  the  fractional  period  over  which  the  wave  breaks.  The  expression 
for  the  latter  is  given  in  equation  4.57.  The  number  of  breaking  waves 
(N)  per  expected  wavelength  measured  along  a line  in  the  direction  of 
wave  propagation  can  be  estimated  with  the  expected  breaking  length  and 
probability  of  breaking  Pg.  That  is: 

„ -0.5909  it262a”^  , _ 

N » e 4.58 


The  above  estimates  of  wave  breaking  frequency,  the  time  and  travel 
of  a wave  during  breaking,  and  the  spatial  distribution  of  breaking 
waves  are  presented  graphically  in  Figure  4.11  as  a function  of  the 
quantity  6^  a \ 
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The  energy  dissipated  during  these  breaking  events  can  be  estima- 
ted from  the  probability  distribution  of  wave  energy  density.  The 
energy  density  is  expressed  in  terms  of  the  wave  amplitude  by: 

E - I Pw  * ^-59 

Using  a basic  theorem  in  statistics: 

p(E)  dE  ■ p(a)  da  4.60 

and  equation  4.45,  the  probability  distribution  for  energy  density  is 
determined  to  be: 


P(E) 


— ¥ ] 

P„  g n L P„  8 n J 


Defining  the  minimum  energy  density  of  waves  that  break  as  E^ 
the  expected  energy  density  of  waves  that  break  is  given  by: 


4.61 


2 Pw  %■ 


¥ 


E p(E)  dE 


E 


m 


p(E)  dE 


3 

0.836  cx  g p 

w 

[1  + 0.5909  6^] 

a 


4.62 


m 

Assuming  that  the  energy  dissipated  during  the  breaking  process  is  that 
amount  which  will  bring  the  energy  density  down  to  the  stable  limit,  one 
has : 


AE  * 0.836  a p g^  u)  ^ 4.63 

w o 

The  absence  of  the  steepness  criterion  in  this  expression  presents  some- 
what of  a paradox,  since  one  might  expect  the  average  energy  density 
dissipation  to  increase  with  Increasing  maximum  wave  steepness.  However, 
this  is  the  logical  conclusion  from  the  analysis  when  one  assumes  that 
the  energy  density  does  not  drop  below  the  minimum  breaking  level. 
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Van  Dorn  (1975)  Indlcatea  that  breaking  wave  energy  dissipation  may 
exceed  the  amount  assumed  here  when  wave  growth  is  rapid.  The  added 
complexity  of  a growth  rate-dependent  energy  dissipation  expression 
does  not  seem  warranted  in  this  model. 

Predictions  from  the  wave  breaking  model  Include  an  estimate  of 
the  mean  temporal  interval  between  the  spatial  separation  of  breaking 
waves  on  a downwind  section  of  ocean  surface.  The  duration  of  time  for 
these  events  to  occur  has  been  estimated  and  the  corresponding  travel 
distance  determined.  Finally,  the  expected  energy  dissipation  per 
unit  area  during  an  entire  wave  breaking  event  has  been  estimated. 

All  these  predictions  are  based  on  the  JONSWAP  wave  spectrum, 
and  forecasting  techniques  derived  for  this  spectrum  suffice  to  provide 
the  inputs  to  make  forecasts  with  this  wave  breaking  model.  Alter- 
natively, the  model  can  be  used  with  direct  measurements  of  the 
wind  speed,  the  ocean  surface  variance  (to  get  Phillips'  "constant" 
o)  , and  the  expected  frequency  Uq  to  assess  wave  breaking  on  a real 
time  basis. 

4.3.4. 1 Detailed  Wave  Breaking 

The  wave  breaking  model  proposed  in  the  previous  section  inter- 
prets the  actual  wave  breaking  event  crudely.  If  a fine  mesh  could  be 
held  horizontally  at  a height  a^^  above  the  mean  surface  level,  wave- 
breaking would  be  considered  to  be  happening  everywhere  the  mesh 
was  in  contact  with  the  water.  We  assume  here  that  waves  are  not 
affected  by  the  mesh  and  that  the  actual  breaking  does  not  occur.  The 
"breaking"  wave  crests  protruding  beyond  the  mesh  have  the  appearance 
of  sine  wave  crests  and  remain  in  contact  with  the  mesh  for  an  average 
period  Tg  and  over  an  average  length  L^.  Figure  4.12a  illustrates  this 
crude  concept  of  wave  breaking. 
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A more  realistic  picture  of  breaking  is  to  assume  a solid 

plate  at  height  a above  the  mean  as  sketched  in  Figure  A. 12b.  In 
b 

this  case  the  wave  height  is  limited  and  the  displaced  fluid  must  be 
relocated,  presumably  in  front  of  the  wave  crest  in  the  form  df  a 
white  cap.  The  "breaking"  in  this  case  is  a disturbance  at  the  point 
wliere  the  wliitecap  touches  the  breaking  height  limit.  Although  such 
a model  would  not  affect  the  time  rate  of  breaking  at  a point  — which 
is  central  to  the  wave  breaking  oil  droplet  dispersion  model  — it 
will  alter  the  Interpretation  of  the  spatial  extent  of  breaking,  for 
which  one  must  consider  the  kinematics  of  a random  wave  field. 

Figure  4.13  Is  adapted  from  Donelan  et  aL  (1972)  and  Illustrates 
the  growth  of  an  individual  wave  crest.  Energy  in  ocean  waves  propa- 
gates at  one-half  the  speed  of  the  wave  crests.  A wave  can  there- 
fore grow  by  catching  up  with  a slower  travelling  region  of  high 
energy  density.  In  Figure  4.13a,  a wave  crest  is  Just  reaching 
the  breaking  height  limit.  The  crest  will  continue  to  break  between 
a and  partway  to  b where  it  has  subsided.  Notice  in  b,  the 
deep  trough  is  stable.  At  the  time  of  c,  another  crest  is  at  the 
initial  breaking  stage. 

The  concept  of  high  energy  regions  and  wave  breaking  can  be 
elaborated  upon, if  one  makes  certain  unproved  assumptions  concerning 
the  statistics  of  the  envelope  and  wave  elevation  functions.  Speci- 
fically, if  one  Msumes  that  the  rate  of  uperossings  of  the  level 
aj^  by  the  wave  elevation  is  equal  to  the  rate  of  uperossings  of  the 
magnitude  a^^  by  the  amplitude  function,  a high  energy  region  width 
(where  the  envelope  function  is  in  excess  of  the  breaking  limit) 
could  be  determined  analogously  to  the  determination  of  the  breaking 
region  of  Section  4.3.4.  Although  this  concept  of  wave  breaking  at 
bands  of  high  energy  density  is  supported  by  field  observations 
and  controlled  experiments,  the  assumption  concerning  the  up- 
crossing  rate  of  the  amplitude  function  is  almost  certainly  in  error. 
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Critic3l  Wave  Amplitude 


(a)  Envelope  Above  Breaking 
Amplitude,  with  Wave 
Amplitude  Just  Critical 


(bl  Envelope  Above  Breaking, 
with  Wave  Having  a 
Trough  (and  still  breaking) 
Vi  Wave  Period  Later. 


(c)  Full  Wave  Period  Later 


Note:  Envelope  moves  at  group  speed  c^. 

Irrdividual  crests  move  at  phase  speed  Cp. 


FIGURE  4-13  ILLUSTRATION  OF  WAVE  BREAKING  PHENOMENON 
WITH  INDIVIDUAL  WAVES  AND  WAVE  ENVELOPE 
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Figure  4.14  Illustrates  what  one  might  expect  from  such  a model 
if  the  average  width  of  the  energy  band  were  one-quarter  wavelength 
Breaking  is  assumed  to  take  place  at  the  crest  of  a wave  as  it 
traverses  an  energy  b2tnd.  Because  the  relative  speed  is  one-half 
the  phase  speed  of  the  crest,  the  breaking  persists  over  one-half  of 
a wave  period.  The  whole  process  repeats  Itself  displaced  one  wave- 
length in  the  direction  of  wave  propagation  at  a frequency  equal  to 
half  the  basic  wave  frequency. 

If  the  upcrosslng  rate  for  the  amplitude  function  can  be  deter- 
mined properly,  this  model  could  be  developed  and  the  details  of 
breaking  more  fully  understood.  For  the  present,  however,  the 
estimates  from  the  simpler  wave  breaking  model  will  be  used. 

4 . 3 . 4 . 2 A Numerical  Example 

For  fetch  limited  sea  conditions,  the  JONSWAP  spectrum  and 

the  wave  breaking  model  readily  give  the  density  of  breaking  waves 

along  a line,  the  rate  of  breaking  at  a point,  and  the  energy  density 

dissipation.  In  this  case  the  parameters  a and  u can  be  expressed 

2 

in  terms  of  a dimensionless  wave  age  ^ = Xg/U  (Hasselmann  et  al. , 1976). 


a 


0.076 


0.22 


4.64 


- 7 TT  g U 


- 0.33 


4.65 


From  F.quatlons  4.56,  4.58,  and  4.63,  the  following 

expressions  for  fetch  limited  conditions  in  deep  water  can  be  made: 


N - exp  (1.2968 


4.66 


1.2871 


- 0.33 

FIJ 


4.67 


AE  - 9.9  X 10~  ® g"^ 


4.68 


These  relations  are  shown  graphically  in  Figure  4.15. 
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High-Energy  Density 
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Wave  Breaking  Front 


Whitecap  Persistence 
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FIGURE  4.14:  A POSSIBLE  INTERPRETATION  OF  WAVE  BREAKING 
RELATED  TO  BANDS  OF  HIGH  ENERGY  DENSITY 
ON  THE  SEA  SURFACE 


Energy  Dissipated  under  an  Frequency  of  Breaking  Instantaneous  Separation  of  Breaking  Waves 

Individual  Breaking  Crest  x 10  at  a point  (s”l)  (wave  lengths) 

(Joules /ni2) 


Figure  4.15:  Predictions  of  breaking  wave  separation,  frequency  and  energy 
dissipation  under  fetch  limited  conditions 
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A . 3 . 5 M^(^e  1 for  the  Generation  of  _Tu rbulence  by 

Breaking  Waves,  I Ion  , and  Dlaper.ston 

In  the  previous  section  estimates  were  made  for  the  probability 
of  the  breaking  of  waves  at  any  given  location  on  the  sea  and  the  total 
energy  dissipated  by  the  wave  breaking  phenomenon.  These  were  cal- 
culated as  functions  of  sea  state.  In  this  section  we  model  the 
behavior  of  the  oil  slick  subjected  to  the  breaking  waves. 

The  approach  taken  in  modeling  can  be  summarized  as  follows: 

Wlien  a breaking  wave  occurs  within  an  area  covered  by  the  oil  slick, 
the  intense  turbulence  generated  by  the  breaking  action  tears  the 
oil  slick  into  oil  globules  of  a spectrum  of  sizes.  These  globules 
are  driven  by  the  tumbling  motion  of  the  water  into  various  depths  and 
are  also  dispersed  by  the  turbulent  velocity  fluctuations  in  water. 
However,  as  the  breaking  wave  moves  away  from  the  given  local  region 
(of  consideration),  the  turbulent  intensity  in  the  water  diminishes 
(due  to  dispersion  and  viscous  dissipation)  and  consequently  the 
globules  rise  up,  recoalesce,  and  form  a slick  of  oil.  If  during 
the  upward  motion  of  the  globules,  another  breaking  wave  strikes  the 
same  area,  then  the  globules  are  again  held  In  suspension  in  water. 
Therefore,  the  criterion  for  the  existence  of  a state  of  perpetual 
globular  dispersion  is  that  the  "residence  time"  of  the  globules  in 
water  be  larger  than  the  mean  period  of  occurrence  of  breaking  waves 
in  the  given  region.  From  such  a criterion,  the  sea  state  at  which 
significant  globular  dispersion  would  result  can  be  calculated. 

Therefore,  to  understand  the  globular  dispersion  one  needs  to  know 
the  characteristics  of  turbulence  underneath  a breakliig  wave,  the 
size  distribution  of  globules,  and  their  dynamics  when  subjected  to  the 
action  of  the  waves  and  turbulence.  In  this  section  a simple  model 
Is  proposed  for  the  generation  of  upper  ocean  turbulence.  Its  diffusion, 
and  dissipation.  In  a subsequent  section  some  parts  of  this  model 
are  utilized  In  analyzing  the  motion  of  oil  particles  in  water. 


V.  Upper  Ocean  Turbulence  Model  — Physical  Concepts 

It  is  not  known  at  the  present  time  whether  the  turbulence 
generated  in  water  by  the  breaking  of  a wave  is  small-scale  or 
whether  the  scale  of  largest  eddies  are  of  comparable  magnitude  to 
the  wave  height  (or  wavelength).  In  the  absence  of  such  definitive 
measured  results,  we  postulate  that  the  turbulence  is  essentially  one 
of  small  scale  (since  it  is  generated  by  the  tumbling  action  of 
water) . 

Because  of  the  nature  of  wave  motion  in  preferred  directions 
and  the  effects  of  the  wind,  it  is  highly  unlikely  that  the  turbulence 
In  water  close  to  the  surface  will  be  Isotropic.  The  physical  concepts 
upon  which  a turbulence  model  Is  proposed  for  the  upper  ocean  tur- 
bulence are  schematically  Illustrated  in  Figure  4.16a.  A breaking 
wave  Is  moving  from  left  to  right  and  dissipates  excess  wave  energy 
over  a length  L.  This  energy  manifests  Itself  as  turbulent  velocity 
fluctuations  In  water.  In  this  model  we  assume  that  turbulence  is 
I Isotropic.  Then  the  mean  square  velocity  fluctuations  (Intensity  of 

turbulence  at  the  water  surface)  vary  with  distance  from  the  crest, 
as  shown  qualitatively  in  Figure  4.16b.  The  decrease  in  the  surface 
Intensity  Is  due  to  both  diffusion  of  turbulence  and  its  dissipation. 

The  depth-wise  variation  is  also  shown  qualitatively  in  Figure  4.16c. 

Assumptions 

In  developing  the  turbulence  model  given  below,  we  make  the 
following  assumptions  (It  is  recognfted  that  all  of  these  assumptions 
have  to  be  verified  experimentally.): 

1.  Energy  dissipation  by  the  breaking  wave  is  at  a uniform  rate 
over  the  length  of  persistence  of  the  breaking  action. 

2.  All  of  the  energy  lost  by  the  wave  manifests  Itself  as  turbulent 
kinetic  energy. 

3.  Drift  currents  in  water,  generated  by  the  waves,  are  small 
and  are  neglected. 

4.  Lateral  and  longitudinal  dispersion  of  turbulence  is  small 
compared  to  the  depth-wise  diffusion. 

5.  Presence  of  the  oil  does  not  change  the  characteristics  of 
turbulence . 
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Direction  of  wave  motion  with  phase  t> peed 


Figure  4.16a  Generation  of  turbulence  by  a spilling  breaker 


Mean  square 
velocity  fluctuations 
at  the  water  surface 


Distance  on  the  water  surface 
behind  the  crest 


Figure  4,16b:  Schematic  representation  of  the  variation  of 
intensity  of  turbulence  on  the  water  surface. 


u'  Mean  Square  velocity 
fluctuations 


depth 
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Figure  4.16c:  Variation  of  turbulent  intensity  with  depth 


I 


4-65 


In  effect,  the  turbulence  model  proposed  is  a one-dimensional 
ii.>del.  Assumption  A is  probably  valid  only  partially.  Vfhile  dif- 
fusion of  turbulence  in  the  crest  length  direction  can  be  neglected, 
it  is  not  very  certain  whether  the  diffusion  of  turbulence  in  the 
wave  propagation  direc^ion  can  also  be  neglected.  However,  from  the 
point  of  view  of  simplicity  and  tractablllty  (mathematically)  we 
retain  this  assumption.  The  validity  and  the  accuracy  of  the  first 
two  assumptions  have  to  be  verified  experimentally. 

One-Dimensional  Model  for  the  Turbulence  Generated  by  a 

Spilled  Wave 

The  schematic  representation  of  the  model  is  shown  in  Figure  4.17. 
An  amount  of  energy  E'  is  lost  by  the  breaking  wave  per  unit  length 
in  the  crest  length  direction  over  a wave  travel  length  L.  For 
the  production  of  turbulence,  this  energy  is  assumed  to  be  released 
Instantaneously.  Surface  AB  in  Figure  4.17  represents  the  surface 
of  undisturbed  water  and  the  direction  z is  the  direction  of  the  nor- 
mal to  the  surface.  Because  the  wave  steepness  is  seldom  larger  than 
1:10,  the  assumption  that  z direction  also  represents  the  depth-wise 
direction  is  not  unreasonable. 

Let  e H e(z,t)  - turbulent  kinetic  energy  per  unit  volume 
of  water  at  depth  z and  at  time  t. 

Because  of  the  assumption  of  isotropic  turbulence: 

e “ (3/2)  p u'^  4.69 

w 

Turbulent  velocity  fluctuations  arise  as  a result  of  complex 
ways  in  which  the  vortex  tubes  are  stretched  and  compressed.  This 
stretching  and  compression  also  leads  to  amplification  of  vorticlty. 

In  addition,  vorticlty  also  diffuses  through  the  fluid  aided  by  the 
turbulent  fluctuations.  Based  on  this  physical  picture,  we  assume 
that  the  turbulent  kinetic  energy  also  diffuses  with  the  vorticlty. 
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Length  (L)  over  which 
the  wave  breaks 


Outflow  of  kinetic  energy 


Figure  4.17:  Schematic  diagram  illustrating  the 

one -dimensional  model  for  the  gener- 
ation, diffusion  and  dissipation  of 
turbulence  in  the  upper  ocean. 
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We  now  write  a kinetic  energy  balaiice  on  an  elemental  volume  of  water 
(Figure  4.17)  as  follows: 


3 e 

at 


Rate  of  change  of 
turbulent  kinetic 
energy  in  a unit 
volume  of  water 


Net  Inflow  of  turbu^^ent 
kinetic  energy  by 
vorticity  diffusion 


4.70 


Rate  of  dissipation 
of  turbulence  inten- 
sity by  viscous  friction 
in  a unit  volume  of 
water 


where  D is  a turbulent  diffusion  coefficient  that^ in  general, depends 
on  the  magnitude  of  u'^,  correlation  coefficient  and  time,  e is  the 
dissipation  function  and  is  related  to  the  velocity  fluctuations  by 
E<juation  4.71.  (See  Taylor  (1935),  also  Tennekes  and  Lumley  (1974),  p.  67.) 


.2 


15  u 


10  V 


4.71 


A*-  A 

where  A is  the  Taylor  microscale  of  turbulence.  It  is  a measure  of  the 
distance  over  which  turbulent  velocities  are  correlated.  It  is  not 
certain  whether  A remains  a constant  during  the  production,  diffusion 
and  dissipation  of  ocean  turbulence  by  breaking  waves.  Since  it  is 
possible  that  the  correlation  coefficient  may  vary  not  only  with  depth, 
but  also  with  time,  it  is  entirely  possible  that  A is  also  a function 
(at  present  unknown)  of  depth  and  time.  Taylor  (1935)  makes  the 
argument  that  in  geometrically  similar  flows  the  dissipation  function 

— 3/2 

t is  directly  proportional  to  (u'^).  Based  on  this  argument,  it  is 

— 1/4 

seen  that  A is  inversely  proportional  to  (u'  ). 

While  noting  all  of  the  above  possibilities,  lack  of  experimental 
data  requires  one  to  make  assumptions  in  developing  any  model.  The 
constraints  we  have  Imposed  are  that  the  mathematics  be  tractable, 
while  at  the  same  time  retaining  the  essential  physics.  One  such  simpli- 
fied model  is  based  on  the  assumption  of  a constant  diffusion  coefficient 
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and  constant  decay  time  (l.e.,  constant  X).  This  Is  given  below: 


With  D 
X 


constant , and 
constant  t 


Equation  4.70  reduces  to  (substituting  Equations  4.69  and  4.71): 


3t 


10  V 

w 


or 


9e 

3t 


10  V 


w 


e 


4.72 
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This  equation  has  to  be  solved  with  initial  conditions: 


e(0,2)  * 0 for  0 i z i «> 

e(0,0)  ■ a delta  function  4.74 

and  boundary  condition 

e(t,  <“)  « 0 for  0 <;  t < “ 


Also  the  global  energy  conservation  equation  is  written  as 


E" 


/ 


e(t,z)  dz 


+ 


/* 


00 


z « 0 
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total  energy  per  unit 
nominal  sea  surface 
area  released  instantaneously 
by  the  breaking  wave 


total  turbulent 
kinetic  energy 
in  the  water 
at  any  Instant  t 


total  energy  dissipated 
over  the  entire  field 
during  the  time  inter- 
val between  0 and  t. 


The  solution  to  Kquatlon  4.73  with  constraints  4.74  and  4.75 
is  Riven  by  (Carslaw  and  Jaeger,  1^,  page  259,  Equation  4): 


e(t,z) 


^ 

/ IT  Dt 
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or  with 


A 


2 


10  V 

w 


“ characteristic  viscous  dissipation 
time 


4.77 


4,78 


The  above  solution  indicates  that  the  intensity  of  turbulence 
is  always  a maximum  at  the  water  surface  and  varies  in  a Gaussian 
way  with  depth.  The  magnitude  of  the  maximum  intensity  (at  the  sur- 
face), however,  decreases  rapidly  with  time  (faster  than  at  an 
exponential  rate). 

If  a given  location  of  the  sea  is  subjected  to  a train  of  breaking 
waves  of  mean  period  T,  then  it  can  be  shown  (see  Appendix  E)  that 
the  time  averaged  (over  the  wave  period)  kinetic  energy  of  turbulence 
is  given  by 


Kinetic  energy  of 
turbulence  per  unit 
volume  of  water,  averaged 
over  a breaking  wave  period  T. 


4.79 
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The  above  value  can  be  construed  as  a steady-state  value  of  the 
Intensity  of  turbulence  generated  in  the  ocean  by  breaking  waves. 

Discussion : 

Probably  the  most  Important  assumption  made  in  developing  the  model 
is  that  the  breaking  wave-generated  turbulence  can  be  characterized  by 
small  scales;  that  is,  no  large  eddies  are  present.  Ve  also  assume 
the  diffusion  coefficient  to  be  a constant  and  that  the  dissipation 
rate  is  directly  proportional  to  the  Intensity  of  turbulence.  Prob- 
ably a more  realistic  assumption  would  have  been  to  make  the  diffusion 
coefficient  directly  proportional  to  the  intensity  of  turbulence  and 
the  dissipation  rate  proportional  to  the  3/2  power  of  the  intensity 
squared  (as  has  been  suggested  by  Taylor  (1935)].  These,  however, 
would  make  the  problem  highly  nonlinear  and  no  known  analytical  solu- 
tions are  available.  We  have  also  neglected  the  effects  of  the  energy 
i associated  with  work  done  by  fluctuating  pressure  forces  and  any  pos- 

sible convective  terms.  Since  a high  degree  of  complication  is  not 
warranted  at  the  present  time,  especially  in  light  of  the  fact  that  no 
data  exist  to  compare  with  the  results  of  any  theoretical  turbulence 
moJel,  we  have  obtained  a solution  to  a much  simplified  problem  which, 
at  least  in  principle,  indicates  the  nature  of  the  variation  of  tur- 
bulence intensity.  It  is  our  contention  that,  even  though  the  tur- 
bulence model  is  an  oversimplification  cf  the  realities,  its  analytical 
solution  affords  a guidance  for  performing  appropriate  experiments  to 
discern  the  nature  of  turbulence  generated  by  ocean  wave  breaking. 

Some  of  these  experiments  are  discussed  later  in  the  section  on  recom- 
mendations . 

The  model  proposed  indicates  that  the  intensity  of  turbulence 
is  infinite  at  zero  time.  However,  in  a physical  world  this  does  not 
occur,  and  therefore,  the  early  time  solution  should  be  construed  as 
being  approximate.  It  is  also  seen  that  the  maximum  intensity  value 


decreases  exponentially  with  time.  In  fact  It  may  be  argued  that,  if 
the  depth  of  penetration  of  the  small-scale  turbulence  Is  small 
(neglecting  for  the  moment  the  presence  of  any  large-scale  eddies),  then 
a reasonable  representation  of  the  turbulent  Intensity  everywhere 
underneath  the  breaking  wave  may  be 

u’^  (t)  - u'J  exp  ( - ^ ) 

° d 

2 

where  u'q  Is  a mean  intensity  generated  Initially  by  the  wave  breaking 
and  Is  a function  of  the  energy  dissipated  (E")  by  the  breaking  wave. 

2 

u'q  and  Its  relationship  to  E"  and  the  value  of  the  characteristic 
dissipation  time  t^  have  to  be  determined  experimentally.  The  motion 
of  oil  globules  subjected  to  the  above  type  of  turbulent  intensity 
Is  discussed  in  Section  4.3.5. 

The  steady-state  estimate  for  the  turbulent  intensity  when  breaking 
waves  occur  repeatedly  at  Intervals  of  period  T Is  given  In  Equation 
4.79.  It  Is  seen  that  this  "d.c."  value  of  the  Intensity  decreases 
exponentially  with  depth  and, as  can  be  expected,  the  magnitude  at  any 
depth  depends  on  the  ratio  of  the  dissipation  time  scale  (tj)  to  the 
wave  period  T.  If  the  waves  occur  at  a location  fairly  Infrequently 
(T  large),  most  of  the  turbulent  energy  is  dissipated  before  another  wave 
breaks  over  the  same  location,  with  the  result  the  average  intensity  of 
turbulence  over  a •.7a”e  nerlod  Is  very  low.  This  formula  Is  useful 
In  designing  an  experiment  using  a wave  tank,  for  measuring  both  the 
dissipation  time  scale  t^  and  the  diffusion  coefficient  D.  By 
measuring  the  time -averaged  turbulent  intensity  at  three  locations  (at 
least)  depthwlse  in  a wave  tank  wherein  wave  breaking  Is  Induced  at 
regular  Intervals,  values  of  E" , D,  and  t^  can  be  measured  and  extrapo- 
lated to  the  real  sea  conditions. 

In  the  next  section,  models  are  developed  for  the  dynamics  of 
motion  and  the  statistics  of  oil  globules  subjected  to  the  breaking 
waves  and  the  turbulence  generated  by  breaking.  The  turbulence  model 
developed  In  this  section  Is  utilized. 
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4.3.6  Motion  of  the  Oil  Globules  In  Water  Due  to  Wave  Breaking 
and  Turbulence 

The  action  of  the  breaking  of  a wave  In  the  midst  of  an  oil  slick 
Is  bound  to  produce  two  effects.  The  first  one  will  be  the  tearing  of 
the  slick  and  formation  of  globules  of  oil  of  various  diameters  and  Is 
caused  by  the  cascading  water  flow  just  ahead  of  the  wave  crest.  The 
second  effect  Is  the  vertical  dispersion  of  the  oil  globules  that  are 
formed.  The  energy  lost  by  the  wave  In  the  process  of  breaking  Is 
partitioned  many  ways.  A large  fraction  of  this  energy  probably  mani- 
fests Itself  as  upper  ocean  turbulence,  the  remainder  being  partitioned 
among  the  nonlinear  energy  feed  to  other  waves,  noise,  and  the  kinetic 
energy  of  oil  globules.  At  the  present  time,  there  are  no  quantitative 
estimates  (either  by  experiment  or  by  theory)  that  are  available  for 
the  fractions  of  wave  energy  that  end  up  In  different  modes. 

From  the  point  of  view  of  vertical  dispersion  of  oil  In  the  water 
column,  the  factors  of  Interest  are  the  Initial  kinetic  energy  Imparted 
to  the  oil  globules  by  the  breaking  wave  and  the  energy  fed  to  the 
turbulence.  The  former  results  In  the  penetration  of  the  globules 
Into  the  water,  and  the  latter  (turbulence)  disperses  the  globules 
vertically.  The  result  of  the  combined  action  of  initial  downward 
motion  and  the  dispersion  by  turbulence  Is  that,  at  every  Instant  of 
time,  there  exists  a distribution  of  oil  globules  as  a function  of 
depth.  This  distribution  changes  both  Its  shape  and  the  location  of 
Its  mean.  A schematic  representation  of  the  events  following  the 
occurrence  of  a breaking  wave  is  Illustrated  In  Figure  4.18. 

The  downward  motion  of  the  globules  will  be  resisted  by  the  hydro- 
dynamic  drag  due  to  the  motion  and  the  buoyancy  force.  Because  of  these 
two  resisting  effects,  the  downward  motion  of  the  globules  ceases  after 
some  time  and  the  globules  are  accelerated  upward  by  the  buoyancy  force. 
The  upward  motion  of  the  particles.  In  general,  will  be  at  their  res- 
pective terminal  velocities  In  the  absence  of  a turbulent  field.  The 
globules  that  rise  up  to  the  surface  may  recoalesce  to  form  an  oil 
slick. 
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Figure  4— 18a  Oil  globules  of  all  sizes  at  positions 

close  to  the  water  surface  immediately 
after  the  occurrence  of  a breaking  wave 


Figure  4— 18b  Segregation  of  globules  during  the 

downward  motion  due  to  the  differences 
in  sizes;  also  the  distribution  due  to  turbulence 


Distribution  of  globules  during  the  upward 
motion;  distribution  is  the  result  of  turbulent 
fluctuations  in  water  and  due  to  differences  in  size 


FIGURE  4-18  SCHEMATIC  REPRESENTATION  OF  THE  BEHAVIOR 

OF  OIL  GLOBULES  SUBJECTED  TO  A BREAKING  WAVE 


4-74 


In  this  physical  model  of  oil  globules  of  a spectrum  of  sizes, 
moving  Initially  downward, are  considered.  The  globules,  at  the  same 
time,  are  dispersed  by  the  nonstationary  and  nonhoroogeneous  turbulence. 
These  globules  rise  up  to  reform  an  oil  slick.  The  parameters  of  Im- 
portance that  need  to  be  calculated  are  (1)  the  maximum  depth  of  pene- 
tration, (11)  the  dispersion  by  turbulence,  and  (111)  the  mass  of  oil 
(in  the  form  of  globules)  present  In  the  water  as  a function  of  time. 

The  modeling  of  the  motion  of  the  oil  globules  In  water  is  performed 
In  two  parts.  In  the  first  part  the  deterministic  motion  of  oil 
particles  of  a given  diameter  projected  vertically  Into  water  with  an 
Initial  velocity  Is  analyzed.  This  motion  Is  assumed  to  be  unaffected  by 
the  persistence  of  turbulence.  In  the  second  part  the  dispersion  brought 
about  by  the  turbulence  Is  analyzed. 

4 . 3 . 6 . 1 Determln Ist Ic  Vertical  Motion  of  Oil  Globules 

Consider  an  oil  globule  of  density  and  diameter  d starting 
downward  Into  water  at  an  Initial  speed  u^.  It  Is  desired  to  obtain 
a description  of  the  motion  of  the  oil  globule. 

In  deriving  the  description  of  the  motion,  given  below,  we  make 
the  following  assumptions: 

• The  motion  of  the  globule  can  be  considered  to  be  at 
sufficiently  high  Reynolds'  numbers  so  that  the  drag 
coefficient  remains  a constant. 

• The  oil  globule  sizes  are  small,  and  therefore  the 
circulatory  motion  of  oil  within  the  globule  does  not  affect  the 
drag  law  for  the  motion  of  the  globule  through  water. 

• There  Is  no  mixing  of  oil  and  water.  That  Is,  the  properties 
of  oil  in  the  globule  and  size  of  the  globule  do  not  change 
during  Its  motion  through  water. 
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Writing  an  equation  for  the  balance  of  forces  on  a globule,  we  have 


^^^o  ^ r)  V ^ 


< V Po>  - 2 ^ 


Forces  due  to 
u^A  C + variation  of 
D pressure  gradient 
In  water  from  wave 
mot  Ion . 


A.Sla 


Effective  Inejtla 
of  ijn  accelerating 
body 


Upward  buoy- 
ancy force 


Drag  force 
resisting 
mot  Ion 


with  u 


Uj^  at  t 


A. 81b 


Also 


dt 
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where  u is  the  downward  .speed  and  h the  depthwi.se  location  at  any 
instant  of  the  oil  globule.  Other  parameters  are  defined  In 
Appendix  A. 

Tlie  solution  to  the  above  equations  is  derived  in  Appendix  F. 
The  solution  is  based  on  the  following  parameters: 


‘ch“ 


Uj  (s  + 2) 

gd-s) 


ch 


.specific  gravity  of  oil 
relative  to  that  of  water 


“ characteristic  time  [time  to 
reach  zero  speed  under  a 
constant  deceleration  of 

g(l-s)/(l/2  + s)] 


dimensionless  time 


‘•.83 


‘'l  ^h 


* characteristic  penetration  depth 
(which  is  twice  the  distance 
traversed  by  a particle  in  a con- 
stant decelerating  field  starting 


with  an  initial  speed  Uj) 


.r 

“y  vp^  g(i-9)  y 


initial  dra^  _ 

Buoyancy  force  on  the  oil  globule! 
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The  penetration  depth  at  any  instant  of  time  during  the  downward 
motion  Is  given  by  (see  Equation  F-17 , Apnendlx  F) ; 


, -1 

Cos  (tan  g - 


Cos  (tan 


-!■ 


ax) 

a) 
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and  the  downward  speed  is  given  by 


V » 


1 

a 


- tan  ( at ) 

+ a tan  (ax) 
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The  maximum  penetration  depth  and  the  time  to  reach  the  maximum 
depth  are  given  respectively  by 


r 

'’max 


In  (1  + a^) 
2a 
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sink 
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After  the  globule  reaches  the  maximum  depth,  it  starts  to  move 
back  to  the  surface.  This  upward  motion  is  essentially  at  the  terminal 
velocity  (a  constant  for  a given  size  and  density)  . The  terminal 
velocity  is  given  by  solving  the  equation 


V 8 ( P„  - 
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Upward  buoy- 
ancy force 


Mot  ion-induced 
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Therefore, the  position  of  the  particles  at  any  time  is  given  by 


(h 


h) 


Ut  (t 


t • J 

sink 


A.  90 


where  t is  the  time  after  the  beginning  of  the  motion. 

The  time  to  rise  from  the  maximum  depth  location  to  the  surface  is; 


rise 


2a^ 
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Total  residence  time  is  calculated  by 

^residence  *'sink  + '"rise  4.92 

In  Appendix  T,  an  example  Is  worked  out  with  assumed  numerical 
values  to  obtain  estimates  for  the  residence  time  and  the  depth  of 
penetration.  Also  , in  Appendix  F,  we  discuss  the  sensitivltv  of 
the  result  to  various  assumptions  and  the  effect  of  initial  kinetic 
energy  Imparted  to  the  globules  on  the  penetration  depth. 

It  is  noted  that  the  depth  of  penetration  at  any  Instant  (given  by 
Equations  4.84  and  4.90)  depends  on  the  initial  velocity  imparted  as  well 
as  the  diameter  of  the  globules.  The  initial  velocity  itself  may 
depend  on  the  size  of  the  globules,  if  the  relative  fractions  of  the 
breaking  wave  energy  that  go  into  imparting  motion  to  the  globules  is 
different  for  different  sizes.  This  has  to  be  determined  by  experiment. 
Because  of  the  distribution  of  globule  sizes  and  the  fact  that  (even 
with  the  same  starting  velocities  of  the  globules)  the  motion  of  the 
particles  depends  on  their  sizes,  there  would  result  a distribution 
of  oil  in  the  water  column  at  any  Instant  of  time.  In  addition  to  the 
above  effect  the  turbulence  would  tend  to  disperse  the  globules.  In 
analyzing  the  dispersion  by  turbulence  the  penetration  depth  location 
(given  by  F.quat  ions  4.84  and  4.90)  should  be  construed  as  the  position  of 
the  mean  of  a probability  density  distribution  of  the  oil  globules.  The 
variance  of  the  probability  density  distribution  will  depend  (for  an 
ensemble  of  each  size  globule)  on  the  characteristics  of  turbulence  and 
the  boundary  condition.  This  is  dealt  with  In  the  following  stochastic 
model . 
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4 . 3 . 6 . 2 Stochastic  Model  for  the  Vertical  Dispersion  of 
Oil  Globules  by  Upper  Ocean  Turbulence 

The  objective  of  the  stochastic  model  developed  In  this  section 
Is  to  obtain  the  time  history  of  the  probability  density  distribution 
for  the  position  of  the  oil  globules  in  water.  This  is  then  used  to 
obtain  an  estimate  for  the  mass  of  oil  that  will  be  in  the  water 
column,  as  a function  of  time. 

An  oil  globule  that  is  driven  under  water  by  the  action  of 
breaking  waves  will  be  subjected  to  the  dispersive  action  of  the 
turbulence  in  water.  As  such  the  position  of  the  oil  globules  is  not 
predictable  deterministically,  but  only  stochastically.  The  characteristics 
of  probability  density  distribution  of  the  oil  globule  position  are, 
therefore,  dependent  on  the  characteristics  of  the  turbulence.  To 
this  extent  the  problem  is  similar  in  description  to  the  classical 
"Brownian  motion"  problem  with,  however,  one  major  exception.  In  the 
case  of  the  classical  Brownian  motion,  the  turbulence  field  is 
stationary  and  homogeneous  and  the  particles  have  zero  drift,  whereas 
in  the  case  of  oil  globules,  subjected  to  breaking  wave-generated 
turbulence,  the  intensity  is,  in  general,  non-statlonary  and  varies 
with  depth.  In  addition,  the  oil  globules,  being  buoyant,  tend  to  have 
a general  upward  drift.  It  is  because  of  these  additional  phenomena 
that  the  analysis  of  globule  motion  becomes  extremely  complicated. 

The  oil  globules  that  rise  to  the  surface  of  water  may  be  assumed 
to  coalesce  to  form  a film  of  oil.  As  more  and  more  globules  coalesce 
with  this  oil  film  (due  in  part  to  the  upward  drift  of  globules, 
together  with  the  decrease  in  the  turbulent  intensity)  , its  thickness 
grows.  From  the  point  of  view  of  the  dispersion  analysis  (that  is,  the 
determination  of  the  probability  density  function),  the  film  at  the 
surface  has  to  be  treated  as  an  absorbing  boundary.  This  boundary 
condition  also  makc.s  the  determination  of  the  density  distribution 
an  extremely  complicated  one.  In  the  model  proposed  in  this  section  an 
approximate  method  of  considering  the  effect  of  the  absorption  boundary 
is  indicated.  | 

I 
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Model 

Consider  a situation  in  which  oil  globules  of  a single  size 
(l.e.,  diameter)  are  subjected  to  the  turbulence  generated  by  a 
breaking  wave.  At  some  time  after  the  breaking,  the  probability 
density  distribution  of  these  globules  may  be  as  shown  schematically 
in  Figure  4.19  (see  also  Figure  4.18). 

If 


f(z,  t)  “ probability  density  function  (p.d.f.)  for  the 
position  of  oil  globules  at  time  t. 


then 


f(z,  t)  dz 


mass  of  oil  between  depths  z and  z + dz 
total  mass  of  oil  in  water  at  any  Instant 
of  time  t,  including  the  surface 


Hence : 


m^  (t) 


t)  dz 


fraction  of  the  mass  of  oil  globul3s 
of  size  d that  is  in  the  water  at 
at  any  time  t. 


4.93 


4.94 


In  general,  the  behavior  of  the  f function  with  time  and  space  is 
Influenced,  to  a considerable  extent,  by  the  presence  of  the  absorption 
boundary.  The  way  to  determine  the  function  f is  to  locate  an 
"underlying"  distrlbutloo  function  g (which  is  the  p.d.f.  in  the  absence 
of  an  absorption  boundary),  and  then  to  modify  the  underlying  distri- 
bution appropriately  to  account  for  the  presence  of  the  absorption 
boundary . 

Referring  to  Figure  4.20,  we  see  that  if  g is  the  underlying 
distribution  function  and  f the  actual  p.d.f.,  then  the  shaded  area 
(shown  in  the  figure)  accounts  for  the  "absorbed"  part  of  g by  the 
boundary.  How  this  area  can  be  estimated  is  treated  separately. 
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Figure  4.19:  Schematic  diagram  showing  the  nomenclature 
for  the  stochastic  analysis. 


u 


Figure  4.20:  Schematic  representation  of  probability 
density  distribution  functions  z 
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The  general  equation  for  determining  the  underlying  function  g Is 
given  by 


3t 


b’  (z,t) 


a(t) 


3z 


with 


g(  ~ t)  - g (®,t)  = 0 


+ oo 

and  J g dz  = Constant 

— 00 


where  h' (z , t) 


3b  (z,  t) 
3t 


b (z,  t)  “ variance  type  parameter  of  the  underlying 

distribution.  This  parameter  depends  on  the 
characteristics  of  the  turbulence.  (This  is  the 
diffusion  coefficient  in  the  Brownian  motion.) 
a (t)  - a parameter  that  indicates  a marginal  drift 

of  oil  globules  (for  the  motion  upward,  it  is 
the  upward  terminal  velocity) . 


The  general  solution  to  the  above  equation  for  arbitrary 
variations  of  turbulence  is  obtainable  only  by  numerical  techniques. 
However,  when  the  correlation  bandwidth  for  the  turbulence  is 
relatively  narrow  and  relatively  stationary,  the  dispersion  process 
can  be  similar  to  local  Brownian  motions, and  therefore  the  p.d.f. 
is  Gaussian. 


That  is,  for  narrow  bandwidth  turbulence  we  have  a solution  of 
the  type 


g (z,t) 


1 

o(t) 


exp 


(z  - h (t))^ 

2 o^t) 


4.95 


4. 96a 


4.96b 


4.97 
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where 


h(t) 

and 


depth  of  the  mean  for  the  p.d.f.,  to  be  determined  from 
from  drift  considerations 


local  time  varying  variancer 


(t) 


u'  (tj^)  u'  (tj^  + t2)  dtj^  dt^ 


4.98 


where  u’(t^)  Is  the  Instantaneous  value  of  the  fluctuating  component 
of  the  turbulent  velocity  In  water  at  time  tj^,and  the  bar  on  the  top  of 
u's  denotes  time  averaging. 

We  note  that  the  distribution  g given  In  Equation  4.97  Is  not  a 
stationary  Gaussian  because  of  the  variation  of  the  variance  function 
o(t)  with  time. 

The  quantification  of  the  effect  of  an  absorbing  boundary  with 
arbitrary  turbulence  characteristics  Is  hard  to  establish.  In  Appendix  G, 
the  effect  of  the  absorbing  boundary  Is  calculated  for  the  case  of 
homogeneous,  but  non-stat lonary , turbulence.  The  complicated  equation 
obtained  Is  simplified  using  some  simple  physical  arguments. 

Once  the  p.d.f.  for  a given  sized  globule  has  been  calculated.  It 
Is  then  trivial  to  calculate  the  mass  of  oil  In  water  at  any  Instant 
of  time.  If  the  size  distribution  of  globules  Is  known.  An  example 
is  given  below  [for  a specific  type  of  turbulence]  for  calculating 
the  mass  of  oil  In  water  at  any  Instant  of  time. 

Specific  Example 

In  this  example  a specific  type  of  turbulence  Is  assumed  to 
illustrate  the  calculation  procedures.  Also  several  other  assumptions 
are  made : 

• The  turbulence  Is  homogeneous  and  Isotropic,  but  noti- 
statlonary . 

• The  correlation  coefficient  for  the  turbulent  velocity 
fluctuations  can  be  approximated  by  a parabola  (see  Figure  4.21). 
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Fljjiire  4.21:  Schematic  diagram  showing  the  expected 
variation  of  coefficient  of  correlation 
between  turbulent  velocity  at  one  instant 
and  another. 


4-8. 


• Only  oil  globules  of  one  size  are  considered. 

• The  absorption  barrier  has  no  effect  on  the  probability 
density  distribution  during  the  dovmward  motion  of  the 
globules . 

• The  unc’erlylng  distribution  is  Gaussian. 

• The  globule  motion  is  one-dimensional. 

We  consider  a turbulence  of  the  type  (see  discussion  on  page  4-72) 


where  (u^)^  is 


- . . s X 2 . t \ 

(t)  * (u  ) exp  ( - — 

d 

the  intensity  at  zero  time. 


Also,  we  assume 
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where  R(t)  is  the  correlation  function  between  velocity  fluctuations, 
a time  duration  t apart.  Figure  4.21  indicates  schematically  the 
variation  of  R(t)  with  T that  may  be  expected  in  an  actual  measure- 
ment. The  figure  also  Indicates  a parabolic  approximation  used 


R (t) 


2 

r 1 - (r)  ’ 0 < T < t^ 

( 0 5 ^ ^ *^c 
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where  t “ characteristic  correlation  time  scale, 
c 

2 

The  mean  square  deviation  o of  the  Gaussian  distribution  is 
given  by 


(t)  - 2t  D(t) 


4.102 
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where 


t 


t-x 


D (t) 


R(y)  dy 


4.10; 


D(t)  is  the  coefflceint  of  diffusion  due  to  the  turbulence.  Substi- 
tuting Equations  (4.99)  and  (4.101)  in  (4.103),  we  get,  for  the 
coefflcent  of  diffusion: 


D(t) 
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t 
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where 


a 


b 


t . for  t < t 
t c 

c 


1 for  t > t 


t 

c 


2 

It  is  noted  from  Equation  4.102  that  since  the  o term  is  not 
a function  of  the  position,  the  underlying  distribution  g 
(Equation  4.97)  is  a normalized  Gaussian: 


g(z.t) 
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(t) 


[z  - h (t)  1 
2a-  (t) 
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4.107 
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where  o(t)  is  obtained  from  Equation  4. 102, and  h(t)  is  the 
position  of  the  mean  as  determined  by  the  deterministic  model 
(discussed  in  Section  4. 3. 6.1). 

To  obtain  the  actual  distribution  function,  f,  the  effect 
of  the  absorption  boundary  has  to  be  accounted  for.  There  are 
various  approximate  ways  of  accounting  for  the  boundary,  and 
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these  are  discussed  in  Appendix  G.  Using  these  approximate  methods, 
we  have 


(z.t) 


2-n  o (t) 


exp 


( - ) - exp  ( - 
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where  the  parameter  S has  the  dimensions  of  time  and  is  a function  of 
both  time  (t)  and  spatial  position  (z) . The  explicit  relation  between 
S and  the  variables  t and  z is  given  in  Appendix  G,  Equation  G.15. 

Equation  4.109  represents  the  probability  density  distribution 
during  the  time  when  the  mean  motion  of  the  oil  globules  is  downward 
and  Equation  4.110  is  applicable  during  the  upward  motion  of  the 
globules . 


The  fractional  mass  of  oil  present  irt  water  at  any  Instant  of 
time  is  given  by  Equation  4.94.  Hence,  during  the  downward  (depth- 
wise)  motion  of  the  oil  globules,  the  mass  fraction  of  oil  in  water 
at  any  time  is  fby  substituting  f^^  and  from  Equations  9.109  and 
4.110  Into  Equation  4.94): 
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If 


m (t)  “ erf  (h/2o)  + 
d 


/exp[-(z-h)^/2o^]  - exp  [-(z  + h + 2Su^)^/2o^l\  dz 


4.112 


The  integral  in  the  second  term  of  the  above  equation  cannot  be 
evaluated  in  terms  of  elementary  functions  because  of  the  complicated 
way  in  which  S is  related  to  z (see  Appendix  G)  and  its  appearance  in 
the  exponent.  However,  a numerical  solution  is  possible. 

When  globules  of  different  sizes  are  considered,  we  can  find  the 
total  mass  of  oil  present  in  water  at  any  time  by  the  relation: 


M(t)  * / j(d)  m^(t)  dd  4.113 

d « 0 

where  j(d)  dd  » fraction  of  the  total  mass  of  oil  that  is 

contained  in  globules  of  size  between  d and 
d + dd. 

and  m.(t)  is  defined  in  Equation  4.94.  It  is  noted  that  m,  (t)  is  a 
d d 

function  not  only  of  time,  but  also  of  the  size  of  the  globules  (through 
the  variation  of  h with  time  and  u^  the  terminal  velocity) . 

Numerical  Example  for  Calculating  the  Fraction  of  Oil 
Mass  in  Water 

The  calculation  procedure  is  best  Illustrated  with  a numerical  exam- 
ple. All  of  the  data  necessary  for  such  a calculation  are  not  available 
at  the  present  time.  However,  we  have  assumed  some  values  which  may  or 
may  not  be  realistic.  Therefore,  the  calculations  indicated  below 
should  be  construed  only  as  an  illustrative  example,  and  no  emphasis 
should  be  placed  on  the  actual  numerical  value  per  se . 
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We  investigate  the  dispersion  of  oil  globules  of  diameter  1 cm, 
subject  to  a breaking  wave  of  3 m amplitude  (with  critical  height 
for  breaking  assumed  to  be  2 m) . We  assume  the  following  values : 

The  intensity  of  homogeneous  isotropic  turbulence  is  given 
by  Equation  A. 99 


tj  = dissipation  time  = 

2 

s 

s 2 

(u‘  ) = maximum  intensity  = 

1 

2/  2 
m /s 

of  turbulence 

t = correlation  time  = 

c 

0, 

. 2 s 

Ine  calculation  procedure  Involves,  for  any  time  Instant  t: 

• Obtaining  h(t)  from  the  analysis  given  in  Appendix  F 
(see  also  the  specific  example  therein) > 

• Calculating  D(t),  the  coefficient  of  diffusion  from 
Equation  A.IOA, 

• Obtaining  o(t)  from  equation  A. 102,  and 

• Calculating  the  mass  fraction  of  oil  (of  the  given  diameter 
globules  only)  in  water  ’’’^(t)  from  Equations  A. Ill  and  A. 112. 
To  obtain  ni^Ct)  from  Eqjiatlon  A. 112  a numerical  procediire 

is  used. 

Results 

The  results  obtained  from  using  the  numerical  values  are  shown 
In  Figure  A. 22.  Plotted  In  the  figure  are: 

(I)  the  depth  of  penetration  of  the  globules  (mean  position) 
as  a function  of  time; 

(II)  the  standard  deviation  (o)  of  the  underlying  Gaussian 
distribution;  and 

(ill)  the  calculated  mass  fraction  of  oil  that  is  submerged 
(in  the  form  of  globules)  in  water. 

This  quantity  is  calculated  in  two  different  ways.  In  the  first  case 
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IGURE  4-22  TtME-WISE  VARIATION  OF  THE  FRACTIONAL  MASS  OF  OIL  (CONTAINED  IN  GLOBULES  OF  A 
SINGLE  SIZE)  WHICH  IS  UNDER  WATER 


I 

I (curve  3)  It  is  assumed  that  the  actual  probability  density  distribution 

within  the  water  is  that  part  of  the  Gaussian  that  is  below  the  water 
I surface  minus  the  part  that  is  above  the  water.  This  assumption  does 

not  give  a very  realistic  representation  of  the  absorption  barrier  at 
the  surface  of  water.  The  result  shown  in  curve  4 is  obtained  by  using 
Equation  4.112  and  is  more  accurate. 

The  result  indicates  that  all  of  the  oil  will  surface  and  join  the 
main  slick  in  a time  which  is  about  twice  the  residence  time  as  cal- 
culated by  a deterministic  model  (Appendix  F) . It  is,  however,  to  be 
noted  that  this  estimate  may  not  be  applicable  if  the  turbulence  is  too 
much  different  from  the  one  assumed. 

The  calculations  have  not  been  extended  to  finding  the  total  mass 
fraction  of  oil  (in  the  Equation  4.113  sense)  which  is  in  water,  because 
this  requires  data  on  globule  size  distributions.  The  calculations  are 
simple  in  principle  and  can  be  carried  out  when  such  data  become  avail- 
I able. 
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4.4  Conclualons 


The  major  conclusions  from  the  analyses  developed  In  this  chapter 

are 

• Sllcklet-type  fracturing  of  oil  slicks  Is  highly  unlikely, 
unless  the  breaking  waves  have  crest  lengths  comparable  In 
size  to  the  oil  slick  diameter.  Breaking  waves  of  long  crest 
lengths  are  not  generally  present  In  deep  waters. 

• Langmuir  circulation.  If  present  In  the  area  of  an  oil  spill, 
will  be  able  to  carry  oil  globules  deep  Into  the  ocean. 

In  about  2 m seas,  drops  of  7.5  mm  diameter  would  be  carried 
down  by  such  circulations. 

• The  probability  of  breaking  waves  occurring  frequently  In  the 
same  area  of  the  ocean  Is  very  low.  For  example.  In  a fully 
developed  sea  with  a 30  km  fetch,  In  10  m/s  wind,  only  1 In  2000 
waves  can  be  expected  to  break.  However,  «dien  a wave  breaks, 
the  expected  value  of  the  energy  Input  to  the  sea  Is  of  the 
order  of  a few  kilojoules  per  square  meter. 

• In  the  absence  of  large  eddies  under  breaking  waves,  the  depth 
of  penetration  of  oil  globules  Is  very  small.  It  Is  about 

30  times  the  diameter.  Also  the  residence  time  Is  short  compared 
to  the  mean  time  of  occurrence  of  breaking  waves.  The  residence 
time  Is  Increased  by  about  a factor  of  2 due  to  the  vertical 
dispersion  of  globules  by  small-scale  turbulence  (non-statlonary) . 
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CHAPTER  5 

SEA-STATE  MEASUREMENT  IN  THE  FIELD 


5.0  Summary 

The  parameters  used  in  the  sea-state  definition  In  the  earlier 
chapters  are  Identified, and  discussions  are  provided  about  the  types  of 
measurements  to  be  made  at  any  site  to  evaluate  these  parameters.  The 
JONSWAP  spectrum  and  Its  parameters  are  discussed.  The  minimum  number, 
type,  and  the  duration  of  measurements  that  are  necessary  to  obtain 
statistically  valid  values  are  Indicated.  Other  parameters  that  are  not 
directly  used  In  the  current  models,  but  which  have  the  potential  of 
being  used  In  future  models,  are  Identified  and  some  discussion  provided 
on  the  number  of  measurements  to  be  made.  Forecasting  near-term  future 
sea  conditions  from  measurements  made  at  any  Instant  are  also  discussed 
briefly. 

5.1  Introduction 

In  the  previous  chapters  the  dispersion  models  have  been  developed 
based  on  the  assumption  that  the  sea  state  can  be  adequately  defined  by 
a spectral  description.  Two  widely  accepted  correlations  have  been  used, 
namely,  that  of  Plerson-Moskowltz  and  the  JONSWAP  spectrum.  Even  though 
these  spectra  are  accepted  In  the  literature.  It  Is  noted  that  the  ocean 
spectra  are  greatly  Influenced  by  local  conditions  of  tidal  currents, 
cypog^^phyt  snd  meteorology.  Therefore,  whenever  a good  estimate  Is  to  be 
made  of  the  environmental  problems  which  depend  critically  on  the  state 
of  the  sea  In  a given  location.  It  Is  Imperative  to  have  an  accurate 
description  of  the  sea  and  the  sea  state  at  the  particular  location. 

For  example,  the  JONSWAP  spectrum  is  a fetch  limited  spectrum  that  has 
been  correlated  based  on  data  obtained  In  the  North  Sea.  The  JONSWAP 
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correlation  contains  several  "free  parameters",  and  It  Is  claimed  by  the 
researchers  that  any  sea  can  be  adequately  represented  by  this  spectrum, 
provided  the  Individual  parameter  values  are  determined  at  the  parti- 
cular location.  The  JONSWAP  spectral  parameters  for  the  sea  In  the 
Gulf  of  Mexico  are  not  currently  available.  Therefore,  to  assess  the 
dispersion  of  the  oil  that  may  be  spilled  accidentally  near  a deep- 
water port  In  the  Gulf  Coast,  It  Is  necessary  to  have  Information  about 
the  spectral  parameters  and  the  sea  state.  In  this  chapter  several 
of  these  sea  state  dependent  parameters  that  are  used  In  the  models 
discussed  In  earlier  chapters  are  Identified  and  some  discussion 
provided  as  to  the  minimum  number  of  In  situ  measurements  that  are 
needed  to  evaluate  these  parameters  In  a given  location  on  the  sea. 

In  addition  to  measuring  the  parameters  for  determining  the  sea 
state  prevalent  at  any  given  time.  It  Is  desirable  to  be  able  to 
predict  the  future  condition  of  the  sea  for  times  ranging  from  a few 
hours  to  as  long  a time  as  a day  or  two.  Such  a forecast  may  result 
In  a more  efficient  scheduling  of  the  deepwater  port  operation.  The 
oil  off-loading  operations  will  require  a certain  lead  time  for  shut- 
down, as  will  operations  designed  to  put  the  facility  into  a minimum 
risk  posture.  Ability  to  forecast  the  sea  state  should,  therefore, 
be  a necessary  part  of  deepwater  port  management.  The  measurement  of 
wave  spectral  parameters  and  their  rates  of  change  does  not  provide 
means  of  forecasting  the  immediate  future  sea  state. 

5.2  Analyses 


We  Indicate  the  parameters  to  be  measured  with  the  basic  assumption 
that  the  JONSWAP  spectrum  Is  an  adequate  representation  of  a developing 
or  fully  developed  sea  state.  The  derivation  and  formulation  of  this 
spectrum  (which  Is  an  elaboration  and  amplification  of  Plerson-Moskowltz 
correlation)  Is  thoroughly  described  by  Hasselman  et  al. (1976).  The 
spectrum  Is  given  by 
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The  constant  o is  termed  the  Phillips  constant  and  w the  spectral  peak 

in 

(i.e.,  the  modal)  frequency. 

To  define  the  sea  state  at  any  particular  location  the  following 
parameters  need  to  be  measured: 

1.  Phlllipa  Constant  a: 

This  constant  is  determined  provided  the  wind  speed  and  the 
fetch  are  determined  (Equation  5.2).  Therefore,  the  following 
measurements  have  to  be  made: 


Wind  Speed:  The  wind  speed  for  the  spectrum  should  be  measured 
10  m above  the  mean  water  level  at  the  same  site  where  the  wave 
record  is  made.  To  obtain  a statistically  meaningful  value  for 
the  near-term  %rlnd  speed  a continuous  monitoring  of  wind  speed 
for  at  least  one-half  hour  is  recommended.  However,  since  the 
wind  speed  used  in  JOHSWAF  data  correlation  is  really  a mean 
wind  speed  over  the  entire  fetch  distance,  we  recommend  that  the 
wtrd  data  measurement  be  made  for  a time  duration  which  would 
be  rei^resentatlve  of  the  travel  time  of  wind  over  the  entire 
fetch  distance.  It  is  noted  that  this  duration  is  itself  a 
function  of  the  wind  speed  (and  the  direction  from  which  it  is 
blowing  because  of  the  dependence  of  fetch  distance  on  the  compass 
angle  at  a given  location  on  the  sea) . Inherent  in  this  recomnen- 
dation  is  the  assumption  that  the  wind  speed  and  direction  are 
“reasonably"  steady  over  the  fetch  travel  time.  When  the  wind 
field  is  fast  changing  or  has  large  spatial  gradients,  as  might 
occur  during  tropical  storms,  specialized  techniques  of  wave 
prediction  are  necessary.  These  have  been  discussed  by 
Ippen  (1966) . 

Fetch:  This  Is  also  a parameter  which  Influences  the  value  of 
the  Phillips  constant.  The  fetch,  In  general,  varies  with 
compass  angle  at  a given  location  on  the  sea.  For  deep  water 
ports,  which  are  relatively  close  to  the  shore  (distances 
of  the  order  of  20  to  40  miles) , the  distance  to  the 
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shoreline  In  any  direction  can  be  considered  to  be  Che 
fetch  In  that  direction.  In  the  seaward  direction  the 
fetch  may  not  be  fixed,  unless  for  some  special 
geophysical  reason  a storm  always  spawns  at  a particular 
location  on  the  sea. 

In  any  case,  the  known  fetch  can  be  measured  a priori 
from  charts,  and  Information  can  be  stored  appropriately  (In 
charts,  manuals,  or  on  magnetic  tape)  In  the  DWP  facility. 

Where  possible  the  fetch  has  to  be  recorded  at  5 deg 
compass  angles  from  Che  site  at  which  sea  state  measurements 
have  to  be  putde.  It  Is  noted  that  this  measurement  Is  a one 
time  measurement. 

In  the  case  of  variable  fetch  (in  Che  seaward  direction),  there 
will  be  a need  to  analyze  historical  data  on  storms  and 
compile  a fetch  record  for  each  compass  angle.  There  Is  a 

likelihood  of  this  being  a function  of  the  seasons. 

2 . Modal  Angular  Frequency 

The  second  Important  parameter  In  the  JONSVAP  spectrum  Is  the 

modal  frequency.  The  modal  frequency  Is  related  to  the  mean 

requency  (oi  ) by 
o 

u * 0.77694  u 

m o 

Therefore  measuring  would  ensure  the  determination  of 

n* 

The  mean  frequency  (u^)  In  the  spectrum  can  be  measured  by  taking 
a wave  surface  elevation  record  for  a sampling  period  of  about 
15  minutes  to  half  an  hour.  From  the  record  Che  number  of 
upward  zero  crossings  can  be  counted.  The  mean  frequency  Is 
then  Che  number  of  upcrossings  per  unit  time. 

3.  Measurement  of  the  Spectrum 

The  behavior  of  the  sea  is  affected  by  the  local,  site  specific 
conditions  such  as  the  water  depth  and  floor  gradient,  shore- 
line configurations, or  small-scale  meteorological  peculiarities. 
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These  are  not  reflected  In  the  spectrum  parameters,  but  the 
parameter  values  may  require  adjustment  to  suit  the  local 
conditions.  In  order  to  make  such  an  adjustment  It  Is  essential 
to  analyze  the  wave  height  record  to  obtain  the  complete 
spectrum. 

The  wave  height  record  has  to  be  made  at  least  for  one-half 
hour  to  assure  statistically  stable  conditions.  The  record 

. can  be  analyzed  by  the  method  of  Fast  Fourier  Transforms,  or 
by  a frequency  filter  method,  to  provide  a complete  spectral 
representation.  About  16  to  20  frequency  bands  may  be  required 
to  achieve  a reasonably  accurate  approximation.  Mean  frequency, 
modal  frequency,  total  energy  content;  and  other  spectral 
shape  parameters  can  be  derived.  From  a record  of  such 
characteristics  calculated  at  reasonable  time  Intervals  (say, 

4 hoursX  short-term  extrapolations  of  the  sea  state  could  be 
made  for  near  future  predictions.  In  addition,  after  suffi- 
cient data  have  been  accumulated  in  this  fashion,  appro- 
priate adjustments  to  the  JONSWAP  parameters  can  be  made.  These 
adjustments  would  apply  In  particular  to  the  peak  augmentation 
factor  (y)  and  the  two  peak  width  factors  (o) , which  are  the 
principal  shape  factors  In  the  JONSWAP  spectrum. 

4.  Breaking  Wave  Parameters 

Power  or  energy  spectrum  In  Itself  does  not  provide  any  direct 
Information  on  the  frequency  of  occurrence  or  the  size  of  breaking 
waves.  It  Is  recalled  that  the  oil  dispersion  models  have 
Identified  the  breaking  waves  as  the  principal  cause  of 
oil  dispersion  in  the  ocean.  In  Section  4.3.4,  procedures 
have  been  indicated  for  calculating  the  breaking  probability 
and  energy  loss  In  breaking,  both  quantities  being  obtained 
from  the  sea  state  spectrum. 

It  Is,  however,  desirable  to  measure  — concurrently  with  deter- 
mination of  the  sea  spectrum  at  a specific  location  — the 
parameters  of  the  breaking  waves  such  as  their  apparent 
(or  dominant)  wavelength,  wave  height,  crest  length  and  thel^ 
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distribution  In  the  horlzontsl  plane.  These  measurements 
also  could  be  a one-time  measurement  (like  the  fetch  distances) , 
so  long  as  the  relationships  between  sea  spectral  parameters 
and  the  breaking  wave  parameters  are  determined. 

The  measurements  of  breaking  wave  parameters  are  probably 
the  nnst  difficult  to  achieve  with  accuracy.  Probably  they 
%rould  depend  upon  visual  or  photographic  methods,  or  upon 
the  development  of  highly  specialized  equipment.  In  contrast 
to  the  other  sensors  which  could  be  drawn  from  a large 
reservoir  of  oceanographic  and  meteorological  Instrumentation. 

It  Is  difficult  to  estimate  a priori  how  many  sets  of  data 
have  to  be  measured  to  obtain  a reasonable  correlation  between 
the  breaking  wave  parameters  and  the  sea  spectrum  parameters. 

The  ultimate  objective  of  these  measurements  should  be  to 
obtain  enough  data  to  correlate  the  breaking  probability  (l.e., 
the  number  of  breaking  waves  per  unit  sea  surface)  with  the  sea 
state  represented  (approximately)  by  the  wind  speed  and 
fetch,  similar  to  that  presented  In  Figure  4.15. 

5.  Other  On-slte  Measurements 

The  dispersion  of  the  oil  slick  Is  Influenced  by  the  nature 
of  the  oil  and  Its  physical  properties.  In  addltloi^  there  are 
several  other  variables  which  Influence  the  dispersion  of  oil, 
but  %«hlch  have  not  been  fully  accounted  for  In  the  first 
generation  dispersion  models  discussed  In  this  report. 

Similarly,  the  significance  of  some  of  the  parameters  that 
Influence  the  sea  spectrum  and  the  wave  breaking  process 
has  not  been  fully  established,  or  at  least  their  effects 
have  not  been  explicitly  Incorporated  Into  the  dispersion 
models.  However,  It  Is  our  contention  that  these  parameters 
should  be  measured  at  a given  aca  station,  not  only  to  obtain  s 
better  understanding  of  the  sea  state  conditions,  but  also  to 
provide  Inputs  Into  future  and  more  accurate  oil  dispersion 
models.  These  parameters  Include: 


( 
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oil  and  Water  Density;  The  dispersion  of  oil,  both  In 
the  horizontal  snd  In  the  vertical  direction.  Is  Influenced  to 
a considerable  extent  by  oil  and  water  densities.  It  Is, 
therefore^  necessary  to  measure  these  quantities  at  the  deep- 
water port  site. 

The  water  density  Is  a relatively  easy  parameter  to  measure. 

Also,  for  the  depths  of  concern  (upper  2 to  3 meters  of  the 
ocean)  the  water  density  Is  expected  to  be  uniform,  and  Its 
dependence  on  surface  temperature  and  salinity  concentration 
Is  not  large.  However,  we  recommend  that  water  samples  be 
taken  often  (once  a day  If  feasible)  for  density  rnalysls. 

The  density  of  the  oil  (and  other  physical  properties  Including 
the  type  of  crude,  etc.)  should  be  analyzed  from  the  samples 
of  oil  taken  from  the  ship  before  the  oil  transfer  takes 
place.  In  addition,  the  sea  water  temperature  should  be 
measured  In  the  area.  Should  any  oil  spill  occur  at  the  DWP 
site,  the  oil  temperature  will  quickly  equilibrate  with  the 
sea  temperature  and  consequently  the  properties  (especially 
the  viscosity  and  vapor  pressure)  will  change.  The  property 
change  affects  both  the  evaporation  process  and  the  dispersion 
process . 

Air  Temperature  snd  Baronetrlc  Pressure;  The  air  temperature 
and  pressure  have  relatively  low  Influence  on  the  oil  evaporation 
process,  compered  to  the  water  temperature.  Their  main  effect 
Is  to  change  the  sir  density  which  Influences  the  mass  transfer 
rates  from  the  oil  to  the  sir  stream.  The  currently  generated 
models  do  not  use  these  parameters  explicitly.  It  Is  conceivable 
that  future  models,  especially  those  dealing  with  the  alr/sea 
Interactions  In  the  presence  of  large  oil  slicks  may  utilize 
these  data.  As  such,  these  data  need  to  be  measured.  Air 
temperature  and  barometric  pressure  measurements  may  be  taken 
at  the  standard  10  a height  (above  the  mean  water  level). 
Contlnuoua  monitoring  of  these  quantities  Is  recomnended. 
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Tidal  and  Surface  Currents;  The  effect  of  tidal  currents  on 


oil  spill  dispersion  (other  than  the  surface  movement  of  the 
slick  en  masse)  Is  not  known.  Also  tidal  currents  Influence 
the  wave  breaking  probability  at  any  given  location.  Tidal 
current  data  are,  In  general,  available  from  precalculated 
astronomical  tide  tables,  or  can  be  measured  by  standard 
oceanographic  current  meters. 

Surface  ocean  current  speed  and  direction  will  also  need 
to  be  known  to  predict  the  drift  of  oil  slicks.  Detailed 
descriptions  of  the  local  weather  and  currents  for  coastal 
areas  are  given  In  issues  of  the  Coast  Pilot  and  in  an  atlas 
or  In  special  studies  that  describe  in  detail  the  surface 
circulation  on  the  continental  shelf.  Where  such  data  are 
not  available,  they  can  be  measured  through  the  use  of  drift 
bottles  or  Rhodamlne  dye  techniques  widely  used  by 
oceanographers.  Charnel  (1975)  and  Coastal  Hydrologists  (1968) 

Forecasting  Sea  State  Conditions;  Prediction  of  future  sea 
state  Involves  the  prediction  of  the  sea  spectrum.  The  wind 
speed  and  direction  can  be  predicted  from  meteorological 
forecasts.  Since  the  spectral  shape  parameters  (y  and  a for 
the  JONSWAP  spectrum)  are  known  for  a particular  location 
from  previous  measurements,  the  prediction  of  the  spectrum 
reduces  to  the  prediction  of  the  Phillips  constant  and  the 
modal  frequency.  The  former  Is  determined  from  the  relation- 
ship given  in  Equation  5.2  and  the  forecast  wind  and  fetch 
(wind  direction).  The  latter  Is  estimated  also  from 
Equation  5.2;  that  Is  from  the  relationship 
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These  brief  computations  give  the  values  necessary  to  define 
the  spectrum  or  to  be  used  directly  in  the  wave  breaking 
probability  and  energy  models. 

A different  approach  to  prediction  would  lie  in  a mathematical 
extrapolation  process,  for  each  of  the  significant  parameters 
or  variables,  based  upon  a set  of  data  points  derived  from 
measurements  taken  at  a specific  sampling  Interval.  Neither 
of  the  predictive  approaches  requires  any  additional  measurements. 
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NOMENCLATURE 


Formula  or 

Symbol  Details Equation  It  Units 


a 

Wave  amplitude 

tn 

a* 

Root  mean  square  amplitude 

! ^ 

2 

a 

Mean  square  wave  In  a given  sea  J" e(a))da) 

0 

Breaking  amplitude  of  wave 

2 

m 

4.5.1 

m 

A 

Area  of  oil  slick 

1 - 

2 

in 

A 

Also  parameter  defined  in  equation 

4.3 

27t  S 

A 

Also  used  for  the  cross-sectional 
area  of  a globule  normal  to  the 
direction  of  motion 

4.38  and 
Appendix  F 

2 

m 

b 

Oil  layer  thickness 

3.1 

m 

c 

Wave  phase  speed 

Table  2.1 

m/s 

c 

Volume  concentration  of  oil  globules 
in  water  at  any  depth 

2.16 

kg/m^ 

C- 

Volume  concentration  of  oil  globules 

, 3 

0 

at  the  water  surface 

2.16 

kg/m 

c 

Drag  coefficient  between  wind  and 
water 

2.6 

s 

Also  hydraulic  drag  coefficient  for 
the  motion  of  oil  globles  in  water 

4.38 

s 

Intertla  coefficient — due  to  the 
accelerated  motion  of  globules 

4.44 

d 

Mean  diameter  of  oil  globules 

- 

m 

D 

Molecular  diffuslvlty  of  the  soluble 
fractions  of  oil  In  water 

2.15 

2, 

m /s 

D 

Also  diffusion  coefficient  due  to 
turbulent  fluctuations 

A-1 

4.70 

2, 

m /s 

NOMENCLATURE  (continued) 


Formula  or 


Symbol 

Details 

Equation  if 

Units 

e 

Turbulent  kinetic  energy  per  unit 
volume  of  water 

Also  represents  the  base  of  natural 
arlthm 

log- 

A.  69 

J/m^ 

e((i)) 

Spectral  energy  density  between 
frequencies  u)  and  oj  + dw 

2.3,  2.5 

2 

m s 

E 

Wave  energy  per  unit  sea  surface 
area 

00 

- 1 r 

Table  3.2 

1 

J/m^ 

E' 

Energy  lost  by  a breaking  wave  over  a 
wave  travel  length,  expressed  per  unit 
length  In  the  crest  length  direction 

P 4-66 

J /m 

E" 

1 

Wave  energy  per  unit  area  of  sea 

J/m^ 

1 ~2 

2 w 

E" 

Also  total  energy  released  under 
a breaking  wave  per  unit  area, 
that  goes  to  produce  turbulence 

4.75 

J/m^ 

S 

Expected  energy  density  of  waves 
that  break 

4.61 

J/m^ 

e" 

wind 

Rate  of  energy  Input  by  wind  Into 
unit  area  of  sea 

Section  3.2.2 

J/m^  s 

AE 

Expected  value  for  the  energy 
dissipated  by  breaking  action 

J/m^ 

f 

Ratio  of  r.m.s.  turbulent  speed 
to  the  orbital  speed  of  water 
particle 

3.40 

f (z,t) 

Probability  density  function  for 
the  position  of  a given  oil 
globule 

4.93 

Added  Inertia  force  on  globules 

4.44 

N 

F 

m 

Minimum  fetch  distance  to  establish 
fully  developed  sea 

a 

Table  2-2 

km 

A-2 


NOMENCLATURE  (continued) 


Symbol 

Details 

Formula  or 
Equation  # 

Units 

g 

Gravitational  acceleration 

Table  2-1 

CM 

B 

g 

Also  used  to  represent  the  underlying 
Gaussian  distribution 

4.97 

-1 

m 

h 

Film  thickness  of  oil 

4.9 

m 

h 

Water  depth 

Table  2-1 

m 

h 

Also  depth  to  which  oil  globules  sink 
Into  the  water 

Section 

4. 3.6.1 

n 

h 

c 

Critical  film  thickness  for  slick 
fracture 

4.37 

m 

h 

max 

Maximum  depth  to  which  an  oil  globule 
of  a given  diameter  penetrates 

4.86 

m 

h(t) 

Depthwise  location  of  the  mean  of 
the  probability  density  distri- 
bution function  (denoting  the 
globule  positions). 

4.97 

1 

IS 

H 

Wave  height 

2.1 

m 

Ha 

Average  height  of  all  waves 

Table  2-2 

m 

Most  probable  wave  height 

Table  2-2 

m 

H 

s 

Significant  wave  height 

2.2 

m 

J(d) 

Size  distribution  function  of 
oil  globules 

4.113 

K 

Turbulent  diffusion  coefficient 

2.17 

2, 

m /s 

1 

Integral  scale  of  turbulence,  l.e., 
the  size  of  eddy 

3.29 

m 

~7 

r.m. s.  value  of  the  crest  lengths 
for  breaking  waves 

Section 

4.2.2 

m 

L 

Length  of  slick  normal  to  wave 
propagation  direction 

4.20 

m 

L 

Also  used  as  a characteristic  . ength 
scale  for  the  motion  of  oil  globules 

In  water 

4.83 

m 

L 

Also  used  for  distance  between  crests 
of  breaking  waves  on  a sloping 
beach 

P.  2-8 

L 

Also  length  of  slot 

Appen . D 

in 

NOMENCLATURE  (continued) 


Formula  or 
Equation  # Unlta 


I Symbol 

Details 

Equation  # 

Units 

L* 

a 

Average  length  between  wavo  -rrests 

r ■ ■ 

Table  2-2 

m 

®d 

Fractional  mass  of  oil  globules  of 
size  d that  Is  In  water  at  time  t. 

4.94 

M (t) 

Total  mass  fraction  of  oil  present  In 
water  (when  all  sizes  of  globules 
are  Included)  at  time  t.  Note  this 

Is  the  fraction  of  the  mass  of  oil 
that  was  within  the  area  In  which 
breaking  wave  occurred. 

4.113 

N 

Number  of  oil  globules  formed  per  unit 
area  of  the  sea 

Section  3.2 

N 

Number  of  distinct  slots  present  within 
an  oil  slick  at  any  given  Instant 

4.11 

N 

Number  of  breaking  waves  per  expected 
wave  length  In  a fully  developed 
sea 

4.58 

Number  of  moles  of  specie  In  the 

oil  film 

3.5 

k moles 

P(a) 

Probability  density  at  the  wave 
amplitude  a 

3.35 

A 

P’ 

Fluctuating  pressure  In  water 

P.  3-13 

N/m 

P* 

r.m.s.  value  of  pressure  fluctuations 
due  to  turbulence  In  water 

3.15 

N/m^ 

^atm 

Atmospheric  pressure 

4.7 

N/m^ 

^’vap 

Vapor  pressure 

4.7 

N/m^ 

P 

Percent  of  waves  that  break 

2.8 

P (t) 

Total  probability  of  slick  fracture 
at  any  given  time 

4.15 

"uf 

Transition  probability  for  change 
from  uncut  to  fractured  state 

4.12 

"n 

Transition  probability  for  slick  frac- 
ture at  any  given  time  with  N waves 

4.29 

Probability  r ':ut  with  all  N waves 
necessary 

4.32 

A-4 


NOMENCLATURE  (continued) 


Symbol 

Details 

Formula  or 
Equation  I 

Units 

Reynolds  number  at  terminal  speed 
of  motion 

4.40 

R(t) 

Speed  correlation  function 

4.100 

8 

Ratio  of  densities  of  upper  and  lover 
fluids  (oil  density/vater  density) 

Table  2-1 

S 

Also  used  for  shear-strain  rate  in  the 
water  surface  due  to  wind  shear  stress 

3.27 

-1 

8 

S 

Wave  steepness 

2a 

X 

s 

Also  total  entropy  of  the  oil  film 

3.5 

J/K 

s 

Also  used  as  a parameter  representing 
the  effect  of  absorption  boundary  at 
water  surface , for  the  motion  of  oil 
globules 

4.110  & 
Appendix 

G 

1 

a 

S(a)) 

Wave  spectral  energy  density  per  unit 
area  of  sea  surface  j 

J a/m^  n 

t 

Elapsed  time 

8 

t 

c 

Characteristic  of  time  for  slick 
fracture 

4.19 

8 

Also  characteristic  correlation  time 
scale 

4.101 

8 

*^ch 

Characteristic  globule  motion  time 

4.83 

8 

Time  scale  for  the  dissipation  of 
turbulent  kinetic  energy 

4.77 

8 

t 

m 

Minimum  wind  duration  to  establish  a 

FDS 

Table  2-2 

hrs 

t 

r 

Residence  time  of  globules 

4.92,  3.3 

8 

^sink 

Time  for  the  oil  globules  to  sink  to 
the  maximum  depth 

00 

8 

T 

Wave  Period.  Also  used  for  the  time 
between  the  occurrences  of  breaking 
at  a point. 

4.78 

8 

T 

Also  temperature  of  film 

A-S 

Section  3.3 

X 

NOMENCLATURE  (continued) 


f 


Symbol 

Details 

Formula  or 
Equation  # 

Units 

T 

c 

Average  closing  time  for  a slit  in  the 
oil  slick 

Section 

4.2.2 

s 

T 

m 

Period  associated  with  highest  waves 
in  the  spectrum 

Table  2-2 

s 

T 

s 

Significant  wave  period 

2.5 

s 

T 

w 

Mean  period  between  the  occurrence  of 
breaker  waves 

Section 

4.2.2 

s 

T 

B 

Average  length  of  time  over  which  a 
wave  continues  to  break 

4.56 

s 

T* 

a 

Average  observable  wave  period 

Table  2-2 

s 

u 

Vertical  speed  of  oil  globules 

4.43 

m/s 

Also  terminal  speed  of  rise  of  oil 
globules 

3.3,  3.4, 
4.38 

m/s 

u* 

Friction  velocity  due  to  wind  stress 
- 0.04  U 

2.7 

m/s 

u« 

r.m.s.  value  of  initial  turbulent 
intensity 

4.99 

m/s 

u’ 

Fluctuating  velocity  in  water  due  to 
turbulence 

4.71 

m/s 

r.m.s.  velocity  of  turbulent  fluctuations 
in  water 

m/s 

U 

Orbital  velocity  of  water  particle  due  to 
wave  motion.  Also,  group  speed  of 
waves . 

Table  2-1 

m/s 

U 

Total  internal  energy  of  a film 

3.5 

J 

w 

Mean  square  water  speed  amplitude 

3.43 

(m/s)^ 

U 

8 

Significant  water  speed  amplitude 

3.40 

m/s 

U.  U . . 
wind 

Wind  speed 

2.3 

m/s 

V 

Vertical  speed  of  water  surrounding 
an  oil  globule 

4.47 

m/s 

V 

Also  used  for  dimensionless  vertical 
velocity 

4.85 

V 

Volume  of  oil  spilled 

2.15 

3 

m 
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NOMENCLATURE  (continued) 


Symbol 

Details 

Formula  or 
Equation  # 

Units 

f 

V 

Also  used  for  volume  of  an  Individual 
oil  globule 

4.81 

1 

V 

Also  speed  with  which  a fractured  part 
of  an  oil  slick  spreads 

4.9 

m/s 

i 

X 

Length  sticks 

(also  used  as  and  X2) 

Appen.  D 

m 

X 

Fetch  distance 

P.  4-59, 

5-2 

m 

z 

Depthwlse  coordinate 

(z  » 0 is  the  water  surface) 

m 

Mixing  depth 

2.16 

m 

NOMENCLATURE  (continued) 


Symbol 

Details 

Formula  or 
Equation  # 

Units 

a 

Equilibrium  spectrum  constant  (related 
to  the  wind-water  drag  coefficient) 

2.9,  2.12 

dimensionless 

a 

Also  used  as  a characteristic  para- 
meter for  the  motion  of  oil 
globule 

A.  84 

a 

Also  a parameter  defined  In 

Appendix  D 

D-9 

8 

Parameter  In  the  spectral  energy 
density  distribution 

2.12 

Y 

Also  parameter  appearing  In  the 

JONSWAP  spectrum 

4. 48,  5.1 

Y 

Interfaclal  tension 

3.8 

N/m 

r 

Strain  rate  of  stretching  or 
compression  of  oil  film 

4.1 

Appendix  C 

-1 

s 

6 

Wave  steepness 

2a  a"^ 

c 

Turbulent  energy  dissipation 
function  (rate  dissipation  of 
turbulent  energy  per  unit 
volume  of  water) 

3.29,  4.70 

T/  3 

J/s  m 

n (t) 

Elevation  record  of  waves 

4.46 

m 

~2 

n 

Mean  square  elevation 

4.45,  4.59 

2 

m 

e 

Polar  coordinate  of  a point  on  the 
oil  film 

Appendix  C 

degrees 

K 

1 

Wave  number  ■ — ^ 

4.71 

»-l 

A 

Wave  length 

m 

A 

Also  used  for  Taylor  microscale  of 
turbulence 

1 

m 

W 

Chemical  potential 

3.5 

1 

U 

o 

Oil  viscosity 

N s/m^ 

A-8 
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NOMENCLATURE  (continued) 


Symbol 

Details 

Formula  or 
Equation  9 

Units 

Chemical  potential  of  specie 

3.5 

+ 

Rate  of  upcrosslng  at  level  a^ 

4.56 

-1 

8 

V 

w 

Kinematic  viscosity  of  water 

2.15 

1 

Vi  la 

C 

Wave  age 

Also  used  for  dimensionless  depth 
location  of  an  oil  globule 

4.64 

4.84 

Density  of  air 

2.1 

kg/m^ 

p 

n 

I Area  molar  density  of  the  n^^  specie 

In  the  film 

3.10 

k moles /m^ 

^o 

Density  of  oil 

kg/m^ 

* 

p 

Critical  surface  density  for  thermo- 
dynamic stability  of  a film  of  a 
pure  component 

Page 

3-10 

k moles /m^ 

p 

V 

Density  of  water 

kg/m^ 

0 

Surface  tension  of  oil 

N/m 

a 

Also  In  a parameter  occurlng  In 
the  JONSWAP  spectrum 

4.48 

a 1 

1 

1 

Also  used  to  denote  the  standard 
deviation  of  the  probability 
density  distribution  function 
for  the  position  of  oil  globules 

In  water. 

4.97 

Ik. 96 

T 

T 

Dimensionless  time  for  slick 

fracture  and  also  for  motion  of 
oil  globules 

Shear  stress  at  the  air-water  Inter- 
face due  to  wind 

4.19, 

4.83 

Section 

3.5 

N/m^ 

^slnk 

Dimensionless  time  for  the  oil 
globules  to  sink  to  the  lowest 
depth  In  water 

4.87 

I 


NOMENCLATURE  (continued) 


Syiibol  Details 


Formula  or 
Equation  # 


Normal  tenalle  stress  In  the  oil 
film 


4.5 


w 


U) 

m 


U) 

o 


u 


c 


u 


n 

n 


Wave  frequency 

Modal  frequency  In  the  wave  energy 
spectrum 

Expected  frequency  of  zero  mean, 
narrow  band,  random  process 

Cut  off  frequency  for  the  spectrum 
In  a developing  sea 

Ratio  of  the  energy  lost  In  a breaker 
wave  to  the  total  energy  possessed 
by  the  wave  for  one  wave  cycle 


4.48 

4.49 

Page 

2-26 


Vortlcity 

Fluctuating  component  of  vortlcity 


Section 

3.5 

Section 

3.5 


Units 

N/m^ 

rad/s 

rad/s 

rad/s 

rad/s 

rad/s 

rad/s 
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APPENDIX  B 


RELATIONSHIP  BETWEEN  VARIOUS  SEA  STATE  PARAMETERS 
In  this  appendix  several  parameters  are  derived  from  a spectral 
correlation  for  a fully  developed  sea.  The  widely  used  Plerson- 
Moskowltz  spectral  representation  is  used.  This  representation  Is 
also  applicable  to  the  International  Ship  Structures  Congress' 
spectrum  (ISSC  - Michael  1968). 

The  average  wave  energy  per  unit  nominal  surface  area  of  the  sea 
is  given  by  (see  Lamb  1932,  Michael  1968). 


B.l 


where  e(ta))  ■ spectral  energy  density  (In  units  of  m s)  at  frequency  ui. 

* 

The  Plerson-Moskowltz  (P.M.)  and  ISSC  spectra  for  e(u»)  have  the  form 


B.2 


U " Amplitude  of  water  particle  velocity  “aw 
(where  a is  the  wave  amplitude) 


Hence 
l.e. , 


u*- 


I 


a o* 

•0 

Q C^)  d<4> 
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B.4 


* -2 
Commonly  accepted  values  are  a ■ 1.62  x 10  , 0 “ 0.74  for  P.M.  spectrum 


B-1 


Substituting  Equation  B.2  Into  B.4  and  Integrating  we  get 


For  a Rayleigh  distribution  of  particle  velocity  amplitudes, 
we  have 

= 2 ‘iT* 


B.5 


B.6 


Hence 

vihere* 


If  Che  heights  of  waves  are  Rayleigh  distributed  then  It  can 


be  shown  that  the  significant  wave  height  H is  related  to  the  mean 

2 ® 

square  amplitude  a^  (see  Equation  B.l)  by 


From  Equations  3.5  and  B.  9,  It  can  be  shown  that 


The  modal  frequency,  is  that  frequency  at  which  the  energy 
density  is  highest,  that  Is: 


*Wlth  the  a and  B values  corresponding  to  Pierson-Moskowlts 
spectrum  f - 0.129 


using  the  equation  R.2  for  e(a)).  It  can  be  shovm  that 


I decui) 
cJ  to 


% 


B.12 
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APPENDIX  C 


1 


EVALUATION  OF  STRAIN  RATES  IN  AN  OIL  FILM 
SUBJECTED  TO  A SI TRAVELING  WAVE 

Objective : 

The  objective  of  the  analysis  presented  In  this  appendix  Is  to 
obtain  the  strain  rates  In  a thin  film  of  oil  subjected  to  the  action 
of  a traveling  wave. 

Analysis : 

Section  C.l:  Evaluation  of  Oil  Film  Length  Changes 

Let  us  consider  an  oil  film  present  on  a calm  body  of  water.  We 
concentrate  our  analysis  on  a length  of  this  oil  film.  Let  P^^'  , 

P»'  . . . Pq'  be  oil  "particles"  located  equally  spaced  on  this  length 

^ ^ (1)  (1) 

whose  x-coordlnate  positions  are  designated  by  x^  , Xj  ...  This 

situation  Is  schematically  Illustrated  In  Figure  C.la. 

Lot  now  this  oil  slick  h<!  subjected  to  a travelling  wave  of  wavelength 
X.  The  oil  particles  move  along  circles  of  radius  "a"  which  is  the  amplitude 
of  the  wave  (see  Lamb,  1932,  page  36H).  Figure  C.lb  represents  a conditl.on 
in  which  particle  Pj  is  at  the  crest  of  the  wave,  particle  Pg  is  at  the 
trough  of  the  wave,  and  P^  is  at  the  level  of  the  undisturbed  slick.  The 
profile  lengths  aod  P^Pg  need  to  be  calculated  and  compared  with 

initial  lengths  Pj'P^'  and  P^'P^'. 

From  the  small  amplitude  potential  wave  theory  (see  Lamb,  1932,  q,. 

IX.  p 36A) , for  the  disturbed  position  of  a particle  on  the  wave,  we  have: 

J(  (i'>  - -T,  - a S;„ 

‘ C.l 

(f)  : n,  + a,  Cd^(K:x;-  cstj 

C.2 

j where  (x,y)  are  the  coordinates  of  a particle  of  oil  (which  is  the  same  as 

j that  of  the  water  surface  particle)  whose  Initial  coordinates  before  being 
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Initially  Undisturbed  Oil  Film 


P' 


? 


P' 


2 


P' 


3 


P' 


A 


P' 


5 


P' 


6 


’’  7 ’'‘s  ^ 9 


'A 

Water  Surface 


FIGURE  C-la  SCHEMATIC  REPRESENTATION  OF  AN  OIL  SLICK  NOT  SUBJECTED  TO 
WAVE  ACTION,  INDICATING  THE  POSITIONS  OF  EQUALLY  SPACED 
POINTS  IN  A LENGTH  X/2. 


LENGTH  BETWEEN  P^  AND  Pg  IS  UNDER  COMPRESSION  AND 
BETWEEN  Pg  AND  Pg  IS  STRETCHED 


FIGURE  C-lb  POSITIONS  OF  THE  PARTICLES  AFTER  BEING  SUBJECTED  TO 
A PROGRESSIVE  WAVE  OF  WAVELENGTH  X 


C-2 


* 

disturbed  by  the  wave  are  (x^  , y^).  Also  < is  the  wave  number  (2ii/X)  and  oj 
is  the  radian  I reqtiency  of  tlie  wave. 

The  length  of  tlic  oil  film  .it  any  time  instant  t is  given  by 


Substituting  Equations  C.l  and  C.2  and  C.4  and  simplifying,  we  get 


The  picture  shown  in  Eigure  C.lb  corresponds  to  t = 0.  (This 
can  be  easily  seen  by  substituting  t = 0 and  obtaining  the  positions  of 
particles  through  P^  from  Equations  C.l  and  C.2.)  Therefore,  substituting 
t “ 0 In  Equation  C.5,  for  the  specific  condition  represented  by 
Figure  C.lb,  we  get: 


Hence,  integrating  equation  C-6,  we  have: 


f 

>^1  + (aK)"- 

:t,  --0 


C.8 


C.9 


Simplifications  of  Rouations  C.8  and  C.9 

2 3 

Noting  that  aic  = n ~ = uS  which  is  a measure  of  the  wave  steepness, 
we  define  the  following  parameters; 

0 - 


1 1 

^ > / 

2.a.fc  -2.71  ^ 


wave  steepness  parameter 


/ 


ZckK 


dimensionless  lengtl) 


C.12 
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w 


SubstltutlnR  equations  C.IO  through  C.12  into  C.8  and  C.9,  and  after  some 
algebraic  manipulations,  wo  got 


\f  Zat 


uA-  O^G  do 


C.13 


p.-o 


The  above  two  Integrals  can  be  expressed  in  terms  of  incomplete  ellip- 
tic functions  of  the  second  kind  and  the  details  are  given  in  Section  C.3 
of  this  appendix.  Incomplete  elliptic  functions  are  tabulated  by 
Abramowltz  and  Stegun  (196^.  Pase  olb)  for  various  values  of  the 
oarameters . 

table  C.l  Inaicates  the  calculation  of  and  for  various  values  of 

1 . 2a 

the  steepness  ratio  — . 

Also  presented  in  tlie  table  are  the  values  of  percent  of  contraction 
and  percent  of  stretching  of  the  film.  These  are  defined  by 


im  i-i] 

whore  S is  the  steepness  ratio,  given  bv  S ■ 

The  variations  in  Z contraction  and  Z stretching  with  the  wave 
steepness  are  shown  in  Figure  C.2. 


% Expansion 


A-  y. 


loo  - lo 


C.16 


C.17 
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% Contraction 


Section  C.2:  Evaluation  of  Maximum  Strain  Rate 

The  rate  of  strain  is  evaluated  by  noting  the  fractional  change  in  the 
’ength  of  an  elemental  length  of  oil  film  in  a small  duration  of  time. 

The  curved  distance  at  time  t = 0 between  two  oil  "ii.irl  Ic  los"  on  the 
wave  contour,  whose  undisturbed  coordinate  points  are  0)  and(Xj^,  0)  ^ 

is  given  by  equation  C.5: 


^ - j + - ZaK  dx 

Using  the  definitions  of  parameters  given  in  C.IO  through  C.12,  we  have: 


Consider  now  the  distance  between  the  same  oil  particles,  a deration  time 
At  later.  Then  again  using  equation  C.A,  we  have 

mHaK)-2aKi  CaiQci-usit)  dx  ^ 


or 
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C.21 


Hence , 


strain  rate 


r 


1 r [Inal  length 
At  L initial  length 


C.22 


I 

l.e.  , 


J • 1 

r(L  k)  1 

L _ 1 

A /[L 

^t-*0 

(>-  A 

1 J 

C.23 


We  consider  the  points  a and  b very  close  to  each  other  (i.e.,  the  lengtli 
of  film  between  them  is  very  small). 


Hence, 


CoS  Q 


do 


- 0^(p-u9At) 


C.24 


C-9 


Substituting  C.24  in  C.  23  and  expanding  cos  (G-oo  At)  and  simplifying,  we 
get 


r(p)^  d 


At 


At 


S.Ug 
CA-gs^O) 


- 1 


r (9)  - 


L 

2 


(A-  CiiS&) 


C.25 


Equation  C.25  Indicates  that  strain  rate  is  proportional  to  u and  varies  with 
0 (which  is  essentially  a measure  of  the  position  of  the  particle  in  the 
undisturbed  slick). 

In  fact  equation  C.25  can  be  generalized  to  any  time  t as 


r(9,0-- 


iv.  (9  - ) 


fA  - ci§(e  - « 9jj 


The  right  hand  side  function  of  equation  C.25  has  a maximum  value 
for  a given  angle  0.  It  is  shown  in  Section  C.4  of  this  appendix  that 
the  maximum  value  of  the  tensile  strain  rate  occurs  at 


9 --  TT  - 0^ 


/-L 


C.26 


C.27 


where  the  principal  value  of  the  cos  ^ is  used. 
The  maximum  tensile  strain  rate  is 


tensile 


7, 


c-io 


C.2G 


Section  C . 3 : Express  Ions  for  the  Integrals  etc.  In  terms  of 

standard  nathematlcal  functions. 

In  this  section,  the  mathematical  formulae  derived  in  the  earlier 
sections  are  expressed  In  terns  of  standard  mathematical  functions. 


L r 
I 


% 

Jy  ^ - 0^9  d.0 


^ ^ I (See  equation  C.13)  C.29 


• 0 


Referring  to  equation  (2),  52.576,  page  156  of  Gradshteyn  and  Rhyzik  (1965), 
we  have 


whore 


2 JT7,  E (5  >9  - 


J/K  -0^9 


% 


r..30 


B = o 


8 

2(A-0r«e-)  . 


C.31 


C.32 


and  F.  (6,  v)  = Incomplete  elliptic  function  of  the  second  kind  defined  by 
(see  page  905  of  the  above  reference) 


c-ii 


Hence,  equation  C.30  becomes 


C.34 


where 


A - 


2.A 


and  V is  defined  by  equation  C.32. 

The  equation  C.14  is  expressed  by 


L 


r’/-. 

I yA  -f  ccse  dO^ 


Referring  to  eouation  (1),  §2.576  of  page  156  in  Gradshteyn  and  Rhyzik 
(1965),  the  above  expression  can  be  written  as 

y. 

I I . r—  / n \ I 

L 


. 


i, 


C.35 


C.36 


C.37 


C.38 
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Section  C.4  : 


Determination  of  the  maximum  strain 
rate  — Mathematical  details 


From  equation  C.25,  we  find  that 


VL9)-- 


(A  - 0&&) 


; A >1 


€ -- 


Stvv  Q 

(A  - QS9) 


Therefore  • 


C.39 


C.40 


dc  . 

t-  A one 

cl^ 

{_A-cal&y' 

fience,  maximum  v 

•k 

'alue  of  i occurs  at  6 = 9 

where 


0*  = ^ 

Now, 

Ci-Aci(9) 

de*"  {A-Cef&)^ 


Substituting  eouation  r.42  In  r,45,  we  have 


C.41 


C.42 


C.43 


r.44 


C-13 


Where  the  plus  sign  should  be  taken  with  the  principal  value  of  0 from 
equation  C.42  and  the  minus  sign  with  the  first  harmonic  value 
(l.e. , ¥ - 0*)  . 

Hence,  maximum  strain  rate  occurs  at 

■ B --  9*  ^ (Jr) 

- 0^  9*6,  %_ 

and  Its  value  Is  (substituting  equation  C.33  In  C.30  and  simplifying) 


P -- 


C.46 


nliiB  bIvti  ImolteB  Btretcblna  anH  minus  sign  Implies  compression. 

* * 

Note  that  the  stretching  maximum  occurs  at  0 “ (x  - 0 ) where  0 
Is  the  principal  value  of  equation  C.42, 
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APPENDIX  D 


EVALUATION  OF  THE  PROBABILITY  THAT  N SLOTS  OCCURRING 
SIMULTANEOUSLY  BUT  LOCATED  AT  RANDOM  WILL  FORM  A CUT 
OF  TOTAL  LENGTH  L 

SUWIARY 

The  probability  chat  N simultaneous  breaking  waves,  occurring 
within  an  oil  slick  of  width  L,  will  form  a continuous  cut  across  the 
slick  Is  determined  In  this  appendix.  The  analysis  developed  Is  res- 
tricted to  Che  case  of  one  dimension  and  N less  than  10. 

The  results  Indicate  that  Che  probability  of  fracture  Is  sensitive 
to  Che  ratio  of  the  width  of  oil  slick  to  the  root  mean  square  crest 
length  of  the  waves. 

AN.UYSIS 

The  problem  Is  analyzed  by  considering  an  analogous  one  dimensional 
problem.  The  analogy  Is  with  sticks  and  slots. 


The  problem  can  Chen  be  posed  as  follows: 

"A  slot  of  fixed  length  L and  N sticks  of  various  lengths  are 
given.  The  sticks  are  dropped  at  random  along  the  length  of  the  slot 
(sticks  are  arranged  to  be  colllnear  with  the  slot) . What  Is  Che 
probability  Chat  the  N sticks  taken  together  will  bridge  the  length 
of  the  slot  L?" 

A schematic  representation  of  the  problem  with  N ■ 3 Is  shown  In 
Figure  D.l.  It  Is  noted  that  whenever  the  center  of  a stick  lies  within 
the  length  L of  the  slot,  the  stick  is  considered  In  the  calculation. 

A bridge  (or  cut  In  the  case  of  oil)  Is  said  to  occur  If  one  or  more  of 
the  N sticks  (waves)  cover  the  whole  length  of  the  slot. 
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A bridge  can  cccur  with  a single  stick,  two  sticks,  three  sticks, 
or  a combination  thereof.  The  number  of  possibilities  Increases 
very  rapidly  as  the  number  of  sticks  considered  increases.  It  may  be 
stated  qualitatively,  that  the  probability  of  bridging  (or  cutting  the 
slick)  Increases  as  the  number  of  sticks  (waves)  Increases.  Given 
below  is  an  analysis  to  determine  quantitatively  the  probability. 


We  define  the  following  probabilities; 

the  probability  that  i sticks  will  bridge  the  slot,  using 
up  all  the  sticks  to  do  so  (no  stick  can  be  removed  with- 
out eliminating  the  bridge) . 

the  probability  that  i sticks  will  bridge  the  slot;  in- 
cludes the  chances  that  a single  stick  will  make  a bridge, 
the  chances  that  a pair  will,  etc. 

Clearly,  therefore,  the  probability  that  one  stick  will  bridge 
the  slot  is  identical  to  the  probability  a single  stick  alone  will 
bridge  the  slot.  That  is: 


We  consider  now  the  case  of  two  sticks.  Since  P^  is  the  prob- 

^ 0 

ability  that  a single  stick  will  bridge  the  gap,  (1  - P^^)  is  the 
chance  that  a single  stick  will  not  bridge  the  slot.  Hence, 


the  probability  that  either  of  the  two 
sticks  individually  will  not  bridge  the 
slot . 

• Similarly,  the  probability  that  both 

stlcls  together  will  not  bridge  the 
slot. 

Therefore,  the  combined  probability 
that  the  two  sticks,  either  indi- 
vidually or  combined  will  not  bridge 
the  slot. 
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4 

Noting  the  definition  of  from  equation  D.l,  and  noting  the 
above  discussions  we  get 

Pj  - - 

where  the  right-hand  side  represents  the  probability  that  a bridge  will 
occur  by  either  single  sticks  or  their  combination. 

By  Induction,  a similar  formula  can  be  derived  for  other  numbers 

of  sticks.  For  the  general  case  of  N sticks,  it  can  be  shown  by 

similar  arguments  that, 

^ N(M-l)  A|  ^N-O^N-2) 

i-o-pOo-p/j  6-p;) 

The  exponents  on  the  Individual  probability  terms  (i.e.,  terms  such  as 
N(N  - l)/2!)  in  the  above  formula  represent  the  total  number  of  ways  in 
which  N sticks  can  be  arranged  when  taken  two  at  a time,  three  at  a 
time,  etc.  These  exponents  are  simply  the  binomial  coefficients.  The 
values  for  these  exponents  are  given  In  table  D-1  for  different  values 
of  N between  1 and  10. 

A 

We  now  make  an  assumption  that  the  probability  that  N sticks 
together  bridge  the  slot  and  N-1  do  not  is  very  small  for  any  N > 2. 

For  example,  if  8 sticks  together  bridge  the  gap,  chances  are  that 
Just  7 of  them  may  also  bridge  the  gap.  In  other  words,  the  probability 
that  8 bridge  the  gap  and  7 do  not  is  rather  small.  The  mathematical 
expression  of  this  assumption  Is  given  by: 

0 

X M > Z D-5 

Based  on  the  above  approximation  equation,  0.4  Is  reduced  to 

^ aiUzi^ 

K ^ 1-  ^ 

* The  Justification  for  this  assumption  is  that  not  only  is  the  phenomenon 
physically  possible,  but  that  the  assumption  leads  to  considerable 
simplification  in  the  mathematical  analysis. 
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FIGURE  D.l:  ILLUSTRATION  OF  STICKS  AND  SLOT  MODEL 
WITH  3 STICKS  AND  SLOT  OF  LENGTH  L 


Table  D-1 

Values  of  Binomial  Coefficients 


N(N-l)  N(N-l) (N-2) 
N 2!  3! 

N - 1 1 

2 2 1 

3 3 3 1 

A 4 6 4 

5 5 10  10 

6 6 15  20 

7 7 21  35 

8 8 28  56 

9 9 36  84 

10  10  45  120 


1 


5 

1 

15 

6 

35 

21 

70 

56 

126 

126 

210 

252 
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Once  Che  values  of  and  are  determined  the  total  probability  Pj^ 
can  be  determined  from  the  above  equation. 

DETERMINATION  OF  P°  AND  P^ 


In  order  to  determine  the  above  probabilities  it  is  necessary  to 
know  the  distribution  of  lengths  of  sticks.  We  assume  that  the  stick 
lengths  are  Rayleigh  distributed.  That  is, 

I"- 

where 

p(x)  - probability  density  of  the  length  being  between  x and 
X + dx. 

~2 

i.  “ mean  square  length  of  the  sticks  (or  waves) 

X “ length  of  the  stick. 


Integrating  p(x)  dx  between  any  limits,  say  between  x^^  and 
gives  the  probability  that  a given  stick  will  have  a length  between  x^ 
and  X2 . That  is : ^ 

Y 

Probability  that  the  stick  I 
length  is  between  and 


We  now  define  a parameter 


a is  the  length  of  the  slot  expressed  as  a multiple  of  the  r.m.s.  length 
of  the  stick  size  distribution. 
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EVALUATION  OF 


A single  stick  will  bridge  the  slot*  If  Its  length  Is  sufficient 
to  cover  the  slot  of  length  L and  the  center  of  the  stick  lies  within 
the  slot.  These  two  conditions  can  be  satisfied  in  the  following  ways: 

i)  stick  length  (x)  is  greater  than  2L 
11)  stick  length  is  between  L and  2L  and  the  stick  center  lies 
in  a region  of  width  (x  - L)  centered  at  L/2. 


We  note  that  no  bridging  occurs  if  x < L. 
The  probability  is  then  given  by: 

„0 


P (x  > 2L) 


+ P(L  < X < 2L/center  within  L)  D.IO 


Probability  that 
stick  length  Is 
larger  than  2L 


Probability  that  stick  length  is 
between  L and  2L  and  that  its 
center  is  within  the  slot. 


00 


Now 


PCx^ZL) 


= 

2L  ^ 


-4o< 


D.ll 


Assuming  that  the  position  of  the  stick  center  is  equally  likely 
to  be  located  at  any  point  within  the  slot  length  L,  the  probability 
that  the  stick  center  will  lie  in  a region  of  width  (x  - L)  Is  equal  to 
(x  - L)/L. 


Therefore,  the  probability  that  the  center  is  within  the  slot  and 
that  the  length  of  the  stick  is  between  L and  2L  is  given  by: 


* It  is  implicitly  assumed  that  the  center  of  the  stick  falls  always 
within  the  slot.  If  this  is  not  satisfied,  only  that  length  of  the 
stick  which  laps  over  the  slot  is  considered  in  the  counting. 
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P(L4.-^  6.2L 


dantiY  totikin 


C~—) 

r* 


D.12 


^ [erfCi-cJ 


Substituting  D.ll  and  D.12  in  D.9  we  get: 

T,  ^ ^ [eyf  {2^)  - eyfC’^)] 

0 

EVALUATION  OF 

The  evaluation  of  P®  contains  two  steps.  First  the  probability 
of  bridging  gap  L with  the  length  of  stick  #1  being  less  than  L is 
evaluated.  Secondly,  the  probability  of  bridging  when  the  length  of 
stick  #1  is  between  L and  2L  is  determined.  The  total  probability  of 
bridging  with  both  sticks  1 and  2 being  necessary  is  then  the  sum  of 
the  above  two  probabilities.  It  is  noted  that  the  probability  of  length 
of  stick  #1  being  larger  than  2L  is  not  considered  because  then  stick  #1 
is  Itself  enough  to  bridge  the  gap.  Such  a possibility  is  not  taken  into 
account  in  defining  P^*  Therefore, 


P®  “ P (Xj  i L)  + 


Probability  that 
with  the  length  x. 
of  stick  #1  being 
less  than  L,  the 
slot  is  bridged. 


P(L  1 < 2L)  D.14 


Probability  that  with  the 
length  X.  of  stick  #1  being 
between  ^ and  2L  the  slot 
is  bridged 
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Each  of  the  probability  terms  on  the  right-hand  side  of  the  above 
equation  contains  three  subsets  as  described  below. 


Case  1 ; Length  of  stick  #1  Is  less  than  or  equal  to  L . 

The  probability  that  some  part  of  stick  #1  touches  one  end  or  the  other 
of  the  slot  Is  Xj^/L. 

Case  la;  Length  X2  of  stick  #2  satisfies  the  following  constraints. 


L- 


^ 2L_ 
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Note  that  If  Xj^  + X2  < L,  no  bridging  of  the  slot  Is  possible. 

The  chance  that  the  stick  touches  the  other  end  of  the  slot  Is 
X2/2L.  Given  this  arrangement,  the  chance  that  sticks  1 and  2 overlap 
and  bridge  the  slot  Is  given  by: 


Overlap  _ max  separation  of  centers  to  cut  - min  separation  of  centers  to  cut 
chance  max  separation  of  centers  - min  separation  of  centers 


Let 


L-(L- 


(^i+V 
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P,  ■ Probability  that  a bridging  of  the  slot  occurs  under  the 
la 

above  subcase  condition. 


2L 


17a 


i'  '4 
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Subcaae  lb;  Length  of  stick  #2  satisfies; 

L 6.  'Z.L. 


-ac,  t - ZU 
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The  stick  #2  cannot  bridge  the  slot  alone.  The  chance  that  stick 
#2  touches  the  other  end  of  the  slot  only  Is  equal  to  (2L  - X2)/(2L). 

The  chance  that  sticks  1 and  2 overlap  Is  the  same  as  given  In  subcase 
la.  Hence,  the  probability  of  bridging  the  slot  together  is  given 

^ J 7^  -TT  TTzrr  ^ dj 


19  a 


_ t 


2c(-‘4>i 
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Subcase  Ic;  Length  X2  of  stick  #2  satisfies 

L 4.  X,  4 ZL. 


X,-tX^  > 2L 
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I '2. 

The  chance  that  stick  2 touches  the  other  end  of  the  slot  Is  the 
same  as  given  In  la.  In  this  configuration  the  sticks  always  overlap 
The  probability  that  a bridging  of  the  slot  occurs  Is  given  by: 


I?C  = 


7.L-X 


(2  L-J'O  - 

:p-  %L 


D.21a 


O 


D.21b 
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Therefore,  the  total  probability  of  bridging  when  .^  < L la  ob- 
tained from  equations  D.17a,  D.19a,  and  D.21a.  This  Is  given  by: 


P 0 ^CL  ^ ^ D.22 

Case  2:  Length  of  stick  #1  satisfies  L £ £ 2L. 

The  probability  that  stick  #1  touches  one  end  of  slot  Is  (2L  - Xj^)/2L. 
As  before  In  this  case  also  there  are  3 subcases  to  consider. 

Subcase  2a:  Length  X2  of  slick  2 satisfies: 

z. 


L ^ Z i_ 

Then  the  probability  P2^  of  bridging  the  slot  is  given  by: 


D.23 


V 

'2a 


-r^zx,<Ui 
L j 2^ 


2 L*"  ^ / y »• 

e. 


J r ;• 


2Aa 


o( 


2Ab 


Subcase  2b;  Stick  #2  length  X2  satisfies: 

L 


^ 7.L. 
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D.25 


J 


The  probability  of  bridging  is  given  by 


r 


IL 


ZX,dXf  ZL-Xi  -= 

r ‘' 


^ / 


2.  ^ 


C ^ 


a D.26a 


2/.-^ 


■^  { t e‘^‘  I 4>t  a d<f>^  ‘^4': 
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Subcase  2c;  Length  X2  of  stick  #2  satisfies 

L ^ “^2-  ^ 2-^ 

2.i_ 

The  bridging  probability  P2^  is  given  by 
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2C  J 


.2 


a-L 


• r 

— 


ZL-x,  --jx  I 7*  ° 

e 7= 

1-  J,  >< 


2t 


2*C  X ^2^  ^ 

4>.^— 4>.3a  ' I 
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From  the  above  results  the  probability  of  bridging  of  the  slot 
when  L £ < 2L  can  be  determined  using  the  formula: 

P ( L + + 

Using  equations  D.14,  D.22,  and  D.29,  can  be  determined. 

NUMERICAL  VALUES 

The  values  of  P^,  P^,  and  P„  have  been  obtained  from  equations  D.13, 

La.  M 

D.14,  and  D.6,  respectively,  for  a range  of  values  of  N from  1 through 

10.  Six  values  of  a have  been  considered  (—  varies  from  0.4  to  0.9  in 

o 

intervals  of  0.1).  The  results  obtained  are  shown  in  table  D-2. 

Two  values  are  given  for  each  value  of  N and  o.  The  first  number 
gives  the  total  probability  of  bridging  the  gap  with  a N stick  system. 

The  second  number  gives  a dimensionless  time  (Tj^)  for  achieving  the 
closure  of  the  slot.  This  time  is  defined  by: 

j ! D.30 

‘'N  - 0-  Bi) 

We  also  note  that  the  P^^  values  obtained  by  the  approximation  represen- 
ted by  equation  D.6  gives  the  lower  bound  for  the  numerical  value  of 
Pjj.  This  is  because  all  of  the  truncated  term  of  the  factors  in 
equation  D.5  are  all  smaller  than  unity. 
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Values  of  and  Calculated  froa  the  Truncated  Series 
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TIME  AVERAGED  TURBULENT  KINETIC  ENERGY  IN  WATER 
SUBJECTED  TO  REPEATED  BREAKING  WAVE  ACTION 

In  this  appendix,  the  details  of  derivation  are  given  to  calculate 
the  steady  state  turbulent  intensity  in  the  upper  levels  of  the  ocean, 
when  the  turbulence  is  generated  by  a series  of  breaking  waves  equally 
spaced  In  time.  The  application  of  this  result  has  been  discussed  in 
section  ^i.3.5. 

Analysis 

Let  us  consider  an  ocean,  where  breaking  waves  occur  every  T 
seconds . 

Let  the  energy  dissipation/breaker  (in  the  breaking  regions) 
per  unit  area  be  » E g.l 

Average  rate  of  energy  input  to  turbulence  n 

" E 

per  unit  area  per  unit  time  » ft  = — E.2 

Let  c " time  averaged  kinetic  energy  of  turbulence 
per  unit  volume 

Hence  the  equation  for  spatial  variation  of  time  averaged 
turbulence  is 

0 E.3 

with  boundary  conditions  z ■ 0, 

z - " 

We  rewrite  equation  E.3  in  dimensionless  form  using  the  parameters 
defined  below. 


-D  V - 

dz 


E-1 


dissipation  time 


D tj  =■  characteristic  diffusion  distance 


5 * z/L  “ dimensionless  distance 


Henre^ equat ion  E. 3 becomes 


a C-- 

7u^- 

I 


CowuitiO^ 

1^0  S - 


The  solution  to  ecjuatipn  E.  5 is  given  by 


e 4)  ^ CX/’C-  7^  ) 

Note  z is  the  depth  below  the  water  surface  at  any  time. 
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APPENDIX  F . 

ESTIMATION  OF  THE  RESIDENCE  TIME  OF  OIL  GLOBULES 
SUBJECTED  TO  BREAKING  WAVES^ 

OBJECTIVE 

The  objective  of  the  analysis  Is  to  obtain  an  estimate  for  the 
depth  to  which  oil  globules  of  a given  size  would  be  sunk  and  the  total 
residence  time  of  the  globules  in  water,  when  an  oil  slick  is  subjected 
to  the  action  of  a breaking  wave. 

INTRODUCTION 

The  breaking  action  of  waves  in  the  open  ocean  is  produced  pri- 
marily by  two  mechanismsi  viz> the  nonlinear  interaction  of  waves  and 
by  the  action  of  the  wind  on  developing  seas.  The  intensity  of  break- 
ing depends  on  the  severity  of  sea  conditions.  The  result  of  wave 
breaking  is  a loss  of  the  wave  energy.  This  energy  lost  by  the  wave 
manifests  itself  in  the  form  of  increased  agitation  of  the  water  surface 
locally  (turbulence) , some  of  it  goes  to  enhance  the  energy  in  other 
wave  frequencies  and  a small  fraction  ends  up  as  noise.  The  magnitude 
of  the  energy  loss  depends  on  the  size  of  the  breaking  wave.  The 
length  over  which  the  breaking  action  takes  place  is  of  the  order  of 
1/4  of  the  mean  wave  length  of  the  breaker.  (Milgram,1976) 

When  an  oil  slick  is  subjected  to  the  breaking  waves,  there  is  a 
high  probability  that  at  least  some  oil  will  be  driven  beneath  the 
water  surface.  The  oil  slick  may  be  tom  by  the  breaking  action  result- 
ing in  the  formation  of  globules  of  a spectrum  of  sizes.  These  globules, 
being  buoyant, would  tend  to  rise  to  the  water  surface  after  they  are 
driven  below  the  water  surface.  If,  before  the  globules  reach  the 
surface,  another  wave  hits  the  same  area  of  the  sea,  the  globules 
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may  be  held  in  suspension  for  a longer  time.  Hence, by  knowing  the  total 
residence  time  of  the  oil  globules  due  to  the  action  of  a single 
breaklne  wave  and  the  probability  of  breaking  in  a given  area,  the 

average  residence  time  of  oil  globules  in  a given  sea  condition  can 
be  calculated. 

It  is, therefore, the  purpose  of  the  analysis  presented  below  to 
obtain  an  estimate  of  the  residence  time  of  an  oil  globule  of  a 
given  size  subjected  to  a breaking  wave  action.  Because  of  the 
lack  of  the  knowledge  of  the  total  energy  lost  by  a breaker  and  the 
fraction  of  this  energy  that  may  be  imparted  to  the  oil  globules,  the 
direction  of  motion  of  the  globules  etc.  , suitable  conservative  assump- 
tions are  made. 

ANALYSIS 

To  make  the  problem  tractable  we  assume  the  following: 

1.  Energy  dissipated  by  the  breaking  wave  per  unit  area  of  sea 
surface  underneath  the  breaking  wave  is  constant  (and  equal  to  "E) 

2.  All  of  this  energy  goes  to  Impart  initial  dovmward 
momentum  to  oil  particles 

3.  Only  one  size  oil  particles  are  formed, and  these  do  not  form  an 
emulsion  with  water 

4.  Analysis  can  be  considered  to  be  one  dimensional 
(i.e.,  no  edge  effects). 


The  effect  of  the  r*  ive  assumptions  and  their  Impact  on  the  results 
are  discussed  in  a later  section. 


Let  A “ mean  wavelength  of  the  breaking  waves 

minimum  amplitude  for  breaking  (based  on  the  breaking 
criterion) 

a “ amplitude  of  the  wave  if  it  were  not  breaking 

Hence  energy  lost  by  the  ^ ^ 

breaking  wave/unit  area  ■ E, " - P ^ ~ ) 

l-2  Vd^t>^  (F.l) 

However,  this  is  the  energy  loss  density  averaged  over  a wavelength. 
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It  is .however  .known  that  waves  break  typically  over  a quarter  of  their 
wave  length.  Assuming  that  this  energy  is  uniformly  lost  over  X/4.  the 
total  energy  loss  rate  is 


// 


n 


E = 4E  - 


Let  us  assume  the  following 
undisturbed  oil  thlcknesss 


(F.2) 


The  size  of  globules  (dla)  formed 

Total  number  of  globules  formed 
per  unit  surface  area 

Energy  Imparted  to  each  globule 
(see  cissumptlon  2) 


b 

d 

N - 


E**  - 

Al 


C%)rf 


y 


■ - r— I 

‘ LPcV  J 


Initial  downward  speed  of  oil  globule  ■ ^ 

We  now  write  the  equation  of  motion  of  the  particle 

jk)v  ^ i 

+ pressure  gradient  terms  that  depend  on  the  (F  4) 
mean  wave  frequency. 


(F.3) 


with  u - u^  at  t “ 0 (F.5) 

where  is  a constant  drag  coefficient  (for  oil  gloubles  a globule 
larger  than  1 ram  diameter).  A is  the  cross-sectional  area  of 
and  V its  volume. 

The  pressure  gradient  term  is  dependent  on  the  wave  frequency, 
the  location  beneath  the  water  surface  and  the  phase  within  a wave 
cycle.  This  term  will  be  small  if  the  residence  time  of  oil  in  water 
is  small  compared  with  the  wave  period. 

For  our  analysis  we  assume  a priori  that  Che  residence  time  is  small 
compared  to  wave  period.  Hence  we  neglect  the  additional  pressure 
gradient  term. 
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To  solve  equation  with  condition  5 we  define  the  following 
characteristic  and  dimensionless  parameters 


Characteristic  time,  i.e.  time 
to  reach  zero  velocity  under  a 
constant  deceleration  of  ^ ^ 

characteristic  depth  (depth  to 
which  a constantly  decelerating 
particle  would  go  in  time 

Specific  gravity  of  oil 
relative  to  that  of  water 

initial  drag  force 

buoyancy  force  on  oil  globule 

dimensionless  time 
dimensionless  velocity 
dimensionless  depth 


Hence  equation  (F.4)  can  be  written  as 


ciT  ^ 

with 

o af  T - O 


(F.7) 


(F.8) 


The  solution  to  equation  F.7  with  F.8  is:  (See  Gradshteyn  and 
Rhlzhlfc,  1965). 


( (c'v\  .y 


- 1 

(-<V' 


) 


u 0 


(F.9) 


L 


(F.IO) 


-i.  low 


) j CX  ( civ'  .V?' 


(F.ll) 


From  equation  F.ll  it  can  be  seen  easily  that  v “ 0,  i.e.,  the  drop  has 
reached  the  lowest  position, when. 


fov  X'T  - ^ 


/ 4- 


J-'  fa VI 

c:>r 


To  evaluate  the  depth  of  penetration: 


(F.12) 


(F.13) 


We  write  the  following  kinematic  equation  of  motion 


cfe 


Tl. 


Using  the  definitions  given  in  equation  F.6,  we  have 


dV 


u- 


Co  I 


^ -r  C af  'p  - c> 


(F.14) 


(F.15) 


(F.lh) 
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Substituting  the  value  for  v from  equation  (F.IO)  in  equation  F,15 
and  rearranging  we  get 


c 

A 

,v 


? - c 


(see  note 
below) 


j Cc£  C ^ 

] ( (F.17) 


It  can  easily  be  shown  that  equation  F.17  reduces  to 


l\'i 


T f 


(F.18) 


Hence,  ^ is  given  by  substituting  the  value  of  from  equation  F.12 

^hytt  tt 


( 


(F.19) 


I 


c 


.1_. 

X 


-I 

C(  w CK 


(F.13) 


The  solution  to  this  Integral  is  given  by  Selby  (l?o7) , page  377, 
equation  238. 
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CALCULATION  OF  RISE  TIME: 

After  the  oil  globule  reaches  the  maximum  depth  it  is  pushed 
back  up  by  buoyancy  force.  However,  a very  short  time  later, 
the  speed  of  the  oil  globule  reaches  its  terminal  velocity.  No 
appreciable  error  will  result  if  one  assumes  that  the  entire  rise  is 
at  constant  speed  equal  to  the  terminal  velocity. 

It  can  be  shown  that  in  the  dimensionless  parameterlsatlon 
scheme  defined  by  equation  F.6  the  terminal  velocity  is 


I 


h 


(F.20) 


Using  equation  F.15  and  considering  v - * constant 

we  have  (see  equation  F.  19) 


max 


I nva>(t( 


(va  (/-fy  ) (F.21) 


Hence  the  total  residence  time  is 


^ k S . t Li  v\  (;c 


• X . = - L 

,Us 

NUMERICAL  CALCULATIONS 


7 + X 

bcuf  I" 


I^avv  y -f  (n  (l  *3^  ) 


We  assume  the  following  values  for  illustration  purposes 


Wave  Parameters 
Mean  wavelength 

Critical  breaking  amplitude 


(F.22) 


. X 
- % 


28  m (x  - 0.21  m“^) 
28/14  -2m 
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Consider  the  situation  for  a wave 
of  amplitude 

Mean  radian  frequency  of  wave 


Mean  phase  speed 

Average  energy  lost  by  wave/ 
per  unit  sea  area 
(equation  F.l) 


1.43  rad/s 


w/tc  - - 6,83  m/s 

j X 1000  X 9.8  (3^  - 2^) 

“ 2.45  X 10^  J/m^ 


Energy  density  of  lost  energy 
over  the  breaking  length 
(equation  F.2) 


4 X 2.45  X 10 


9.8  X 10^  J/m^ 


Oil  Film  Paramerers 


Oil  density 


900  kg/m 


Assume  Initial  oil  film  thickness 

Assume  diameter  of  oil  globules 
formed 

Volume  of  each  globule 


» 2cm 


“ 1 cm 


“V  “ ir/6  X 10 


2 X lO'^  m 
10"^  m 


5.24  X 10~^  m^ 


Hence  number  of  globules 
(equation  F.3) 


2 X 10 


5.24  X 10 


- 3.82  X 10 


Energy  Imparted  to  each 
globule  (equation  F.3) 


9.x  X 10 
3.82  X 10^ 


2.566  J 


Initial  speed  of  each 
globule  (equation  F.3) 


104.32  m/s 


First  we  calculate  the  following  force  estimates  on  the 
particle. 


Buoyancy  force 


Initial  drag  force 


- pQ  V g(l  - s)  - 10^  X 5.24  X lO"^  X 9.8  x 0.1 

- 5,135  X 10~^  N 

- i C_  p u^  A - - x 0.5  X 10'^  X 104.32^  x 

2 D w 1 2 

- 213.7  N 
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It  is  seen  from  the  above  that  the  drag  force  Is  about  seven  orders 
of  magnitude  larger  than  the  buoyancy.  Hence  the  buoyancy  can  be 
completely  neglected  In  the  calculations  without  appreciable  error. 

Order  of  magnitude  of  the  depth  to  which  oil  globule  would  pene- 
trate if  drag  were  the  only  force  resisting  oil  motion 


E _ 2.566 

Initial  drag  “ 213.7 


1.2  X 10 


m 


More  Exact  Calculations  Using  the  Analysis 
Characteristic  Parameters 


t . (see  equation  F.6) 
cn 

L 


104.32  (0.9  + 0.5) 

9.8  (1  - 0.9) 

- 104.32  X 149.03 


149.03  s 

15546.7  m 


a 


dimensionless  time  for 
sinking  (equation  F.13) 


r213.7 1 

[5.135  X 10"^  J 


645.0 


T 4 1.  ■ TTT  ^ 6^5 

sink  645 


2.433  X 10 


-3 


dimensionless  terminal 
velocity  (equation  F. 20) 


1 

'^terminal  645 


1.55  X 10 


dimensionless  sinking  depth 
(equation  F.19) 


max 


— In  (1  + 645^) 

2 X 645 


1.555  X 10 


-5 
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0 


dlnenslonlesB  rise  time 
(equation  F.21) 


Hence, 

dimensionless  residence  time 
(equation  F.22) 


Dimensionless  Values 

sinking  time  ■ t . , 
sink 

rise  time  - t . 

rise 

Total  residence 

" ^residence 

maximum  depth  of 
penetration  z 


■ T 


rise 


1.555  X 10 
1.55  X lO" 


1.003  X 10 


T . , - (2.433  X lO"  + 1.003  x lo"  ) 

residence 


- 1.246  x 10 


-2 


- 2.433  x 10"^  X 149.03  - 0.363  s 

- 1.003  X 10“^  X 149.03  - 1.495  s 

- 0.363  + 1.495  - 1.858  s 

- 1.555  X 10“^  X 15546.7  - 0.242  m 


RESULTS  AND  DISCUSSION 

The  depth  of  penetration  and  the  residence  time  of  oil  globules 
calculated  for  a variety  of  conditions  are  shown  in  Table  F.l.  The 
results  in  the  table  are  arranged  to  indicate  the  sensitivity  of  the 
final  answers  to  variations  in  the  parameter  values.  The  variation 
of  residence  time  with  initial  drop  speed  is  plotted  in  Figure  F.l  and 
the  change  in  the  maximum  depth  of  penetration  with  drop  speed  is 
indicated  in  Figure  F.2. 

The  results  indicate  some  Interesting  features.  For  example, 
it  is  seen  that  the  depth  of  penetration  is  somewhat  insensitive  to 
the  initial  speed.  (At  an  initial  speed  of  104  m/s  the  depth  of 
penetration  is  25  cm  whereas  at  7 m/s  the  penetration  is  17  cm  ) . 
Though  this  seems  somewhat  odd,  it  is  easy  to  explain  if  one  notes 
the  high  drag  force  (which  is  dependent  on  the  square  of  the  speed) 
initially  for  high  speed.  The  result  of  the  high  drag  is  to  reduce 
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Maximum  Depth  (m)  Residence  Time  (sec) 


1 


► 


FIGURE  F-1  VARIATION  OF  TOTAL  RESIDENCE  TIME  OF  1 CM  DIAMETER  OIL 

DROP  IN  WATER  AS  A FUNCTION  OF  INITIAL  DOWNWARD  VELOCITY 


FIGURE  F-2  MAXIMUM  DEPTH  OF  PENETRATION  AS  A FUNCTION  OF  INITIAL 
VELOCITY 
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rapidly  the  speed.  In  effect  most  of  the  penetration  occurs  at  very 
low  speed,  under  a condition  of  retarding  buoyancy  force  and  a com- 
parable drag  force.  Figures  F.l  and  F.2  indicate  that  for  initial 
speed  larger  than  about  20  m/s,  the  residence  time  and  penetration 
depth  for  1 cm  diameter  drop  do  not  change  appreciably.  However,  if 
the  starting  speed  is  very  low,  say  less  than  1 m/s,  the  penetration 
depth  is  also  small  (less  than  10  cm  ). 

For  a given  initial  downward  velocity  of  the  oil  drops  tlie  depth 
of  penetration  of  individual  drops  Increases  as  the  drop  diameter  in- 
creases. This  Is  because  the  initial  momentum  is  proportional  only 
to  the  diameter  squared.  Hence,  the  velocity  of  larger  drops 
reduce  as  fast  as  that  of  the  smaller  ones.  However,  the  motion  Itself 
is  stopped  only  by  the  buoyancy  force,  which  is  also  proportional  to 
diameter  cubed.  The  combined  effect  of  these  forces  is  such  that  the 
depth  of  penetration  is  directly  proportional  to  the  buoyancy  to 
Initial  drag  ratio.  This  can  be  seen  from  equation  F.19. 

The  changes  in  the  values  of  other  parameters  such  as  the  drag 
coefficient  and  gravity  (which  is  a manifestation  of  the  accelerating 
water  due  to  wave  action)  do  not  result  In  substantial  changes  in  the 
values  of  the  penetration  depth. 

The  one  important  observation  that  can  be  made  from  the  sensitiv- 
ity analysis  results  given  in  Table  F.l  is  that  the  ratio  of  the  depth 
penetration  to  the  diameter  is  almost  invariant  for  speeds  of  drops 
greater  than  about  1 m/s. 

DISCUSSIONS  ON  THE  ASSUMPTIONS  AND  MODELING 

One  of  the  Important  implicit  assumptions  made  in  formulating  the 
model  is  that  the  oil  drops  move  down  into  the  water  primarily  due  to 
the  Initial  momentum  imparted  to  them  by  the  breaking  action  of  the 
waves.  The  effects  of  turbulence  both  small  scale  and  large  scale 
(which  may  be  in  the  form  of  eddy  motion  the  length  scale  of  which  may 
be  as  large  as  the  wave  height)  have  been  completely  ignored.  It  is 
not  certain  whether  such  a drastic  assumption  is  valid  — only  experi- 
ments can  provide  answers  to  these  unknowns.  If  Indeed  large-scale  eddy 
motions  do  result  as  a consequence  of  repetitive  breaking  waves  at  a 
location  (and  the  accumulation  of  vortlclty  in  the  water),  the  depth  to 
which  oil  drops  may  be  carried  down  will  then  be  comparable  to  the  eddy 
sizes . 
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Table  F.l 

Sensitivity  of  depth  penetration  and  residence  time 
to  changes  in  the  values  of  various  parameters 
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The  merit  of  developing  a model  for  the  motion  of  oil  drops  in 
the  absence  of  turbulence  (as  is  done  in  the  present  case)  lies  in 
obtaining  an  order  of  magnitude  estimate  of  the  depths  to  which  globules 
of  oil  would  be  driven  when  only  the  traditional  retarding  forces  exist. 

The  second  important  assumption  made  was  on  the  total  energy  that 
goes  into  generating  the  initial  motion  of  the  oil  globules.  We  assumed 
that  all  of  the  energy  lost  by  the  breaking  wave  manifests  itself  as 
the  kinetic  energy  of  the  oil  globules.  This  is  clearly  not  true, 
and  there  results  unreasonably  high  initial  speeds  of  the  oil 
globules  (104  m/s  in  the  example  given).  What  is  more  appropriate, 
probably,  is  to  assume  the  Initial  speed  of  the  globules  to  be  equal 
to  (or  of  the  same  order  of  magnitude  as)  the  phase  speed  of  the 
breaking  wave.  However,  we  note  that  the  starting  speed  has  very 
little  effect  on  the  penetration  depth.  In  the  example  considered, 
if  we  had  assumed  that  only  1%  the  wave  loss  energy  goes  into  oil 
globules  (therefore  initial  speed  of  the  order  of  10  m/s)  we  would 
still  predict  a penetration  depth  of  about  20  cm  . As  a matter  of 
fact,  it  is  entirely  probable  that  nature  indeed  will  partition  the 
energy  such  that  99X  goes  into  inducing  turbulence  in  the  water  i.’lth 
a small  amount  going  into  the  oil  globule  production  and  motion.  What 
this  means  is  that  by  measuring  the  depth  of  penetration  of  oil  globules 
in  an  experiment,  it  is  impossible  to  estimate  the  energy  partition. 

We  have  also  assumed  tacitly  that  oil  globules  start  moving 
vertically  down  through  the  water  column.  However,  an  observation 
of  the  white  cap  region  of  a spilling  wave  would  Indicate  that  the 
water  particles  (in  the  white  cap)  have  a rolling  motion,  rolling 
on  the  steep  side  of  the  breaking  wave.  If  oil  were  present,  the  oil 
particles  produced  by  the  surface  breaking  action  would  probably  be 
projected  at  an  angle  somewhere  between  the  wave  surface  and  vertical. 
Therefore,  the  oil  particles  in  real  situation  may  not  reach  the 
depths  predicted  by  the  simple  model  proposed.  Hence,  the  model  is 
conservative  in  that  the  residence  time  predicted  will  be  longer,  and 
consequently  lower  sea  states  (producing  breaking  waves  long  periods 
apart)  may  keep  the  globules  in  suspension. 
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In  the  analysis  presented,  the  accelerations  of  water  due  to  the 
wave  motion  and  the  resulting  pressure  gradient  opposing  or  aiding 
(depending  on  the  wave  phase)  the  oil  drop  motion  have  been  neglected. 
This  does  not  seem  to  affect  the  result  as  evidenced  by  the  Insensi- 
tivity of  the  penetration  depth  to  variations  in  the  g value. 

Besides  the  residence  time  seems  to  be  quite  small  compared  to  wave 
periods . 

CONCLUSIONS 

The  major  conclusions  from  this  analysis  are 

• it  Is  unrealistic  to  account  for  all  of  the  wave  energy  lost  by  a 
breaking  wave  by  Initial  kinetic  energy  of  oil  globules. 

• most  of  the  wave  energy  loss  has  to  be  assigned  to  water 
turbulence,  and  its  effect  on  downward  dispersion  of  oil 
has  to  be  considered. 

• the  maximum  initial  speed  of  oil  globules  is  probably 
comparable  to  the  water  particle  speeds  in  a breaking 
wave;  this  speed  is  in  the  range  1 to  10  m/s. 

• for  a three  orders-of -magnitude  variation  in  downward 
speed  of  the  globules  the  ratio  of  penetration  depth  to 
diameter  varies  only  by  about  an  order  of  magnitude. 

This  ratio  is  insensitive  to  initial  velocity  for 
velocities  greater  than  a critical  value. 

• the  possibility  of  large-scale  motion  induced  by  eddies 
of  wave  height  size  moving  the  oil  drops  down  en  masse 
should  be  explored. 
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APPENDIX  G 


CHARACTERIZATION  OF  THE  ABSORBING  BOUNDARY  CONDITION 
PRESENTED  BY  THE  OIL  FILM  FOR  THE  MOTION 
OF  OIL  GLOBULES  IN  WATER 


1.  Introduction 

In  this  appendix  the  detailed  analysis  Is  given  for  mathematically 
modeling  the  absorption  condition  posed  by  the  presence  of  an  oil  slick 
on  the  water  surface  and  for  the  stochastic  determination  of  the  motion 
of  oil  globules  underneath  It.  The  statistics  of  the  oil  globule  mol  ion 
have  already  been  discussed  In  Section  4. 3. 6. 2.  It  Is  recalled  that  the 
globule  number  density  distribution  function  Is  assumed  to  be  given  by  an 
underlying  Gaussian  function  suitably  modified  by  the  absorption  barrier 
effect  of  the  (progressively  growing)  oil  film  at  the  water  surface.  It 
Is  this  effect  on  the  distribution  function  that  Is  discussed  in  this 
appendix. 

Hie  presence  of  an  absorbing  barrier  affects  the  probability 
density  function  (pdf;  also  termed  the  distribution)  In  two  ways.  The 
first  way  Is  by  the  truncation  of  the  distribution  at  the  point  of 
absorption.  This  is  explained  by  the  physical  boundary  condition  that 
no  particle  can  travel  beyond  the  barrier  (that  Is, cross  the  barrier). 

The  second  effect  of  the  barrier  Is  to  reduce  the  density  function  within 
the  field  of  particle  notion  (which  for  the  case  of  oil  globules  In 
water  Is  below  the  water  surface) . This  effect  Is  explained  In  detail 
below. 

Consider  the  Gaussian  distribution  of  particles  at  a given  time  t 
which  can  be  assumed  to  be  the  distribution  In  the  absence  of  Che 
barrier.  Associated  with  a specific  spatial  location,  which  for  the 
purposes  of  discussion  can  be  Identified  as  "depth  z"  In  figure  G.l, 

Is  the  probability  density  value.  This  value  In  a sense  represents 
the  relative  chances  of  a particle's  being  atslocation  between  z and  z + 
at  the  given  time  t.  Figure  G.l  shows  schematically  some  particle 


Absorption  barrier 


\ 

N 


Underlying  Gaussian 
distribution  (in  the 
absence  of  the  barrier). 


Figure  G.l: 


Schematic  representation  of  the  effect  of  barrier  on 
sample  paths  of  the  particle. 
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traces  (called  sample  paths)  by  which  a particle  may  reach  z.  If  an 
absorbing  barrier  is  Introduced  at  the  location  shown,  certain  sample 
paths  are  eliminated.  That  is.  It  is  no  longer  possible  for  a particle 
to  go  above  the  barrier  and  then  reach  z.  The  chances  of  reaching 
z are  hence  reduced  which,  In  effect,  results  in  the  reduction  of  the 
probability  distribution  function  (p.d.f.). 


The  behavior  of  the  boundary  is  also  dependent  on  the  characteristics 
of  the  motion  of  the  particles  in  the  field.  If  the  particle  motion 
is  similar  to  a simple  Brownian  motion  with  a fixed  location  for  the 
mean  position  of  the  distribution  function,  the  effect  of  the  boundary 
can  be  analyzed  easily.  However,  In  the  case  of  the  motion  of  the  oil 
globules  subjected  to  ocean  turbulence,  there  is  a mean  upward  drift 
of  particles,  because  of  the  lower  density  of  oil  relative  to  water.  This 
phenomenon  introduces  further  complications  in  the  mathematics  for 
the  evaluation  of  the  absorption  boundary  effect. 

2.  Analyses 

2.1  Brownian  Motion  with  Zero  Mean  Drift 


Let  us  consider  a process  which  has  no  mean  drift  and  whose 
distribution  function  (Gaussian)  has  the  mean  at  the  depth  h. 

Let  the  absorbing  barrier  be  at  depth  zero.  These  are  shown  schematically 
in  Figure  G.2. 


The  normalized  density  function  in  the  absence  of  the  harrier  is 
given  by 


4 (v)  - 

y/IJ  <r(n 

( ~ eo  ^ f ^ <90  ) 


We  now  examine  a sample  path  that  terminates  at  point  P which  is 
at  a depth  z below  the  barrier.  This  is  presented  lu  Figure  ^-2  gg 
the  path  ABCDP.  This  would  be  one  possible  path  by  which  a particle  from 
A mav  reach  P in  the  absence  of  the  barrier.  However,  in  the  presence 
of  the  barrier  this  path  is  not  allowable  and  is,  therefore,  termed  an 
"absorbed  path". 
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Image  path 


A 


Figure  G.2: 


Schematic  representation  of  absorbed  and  Image  paths 
for  a stationary  mean  (position)  Brownian  process. 


We  now  consider  In  addition  to  the  absorbed  path  ABCDP,  its  mirror 
reflection  (in  the  barrier)  path  ABC'DP',  which^ in  the  absence  of  barrier 
results  in  a particle  ending  up  at  point  P'  (which  Is  exactly  z distance 
above  the  barrier).  This  path  Is  termed  the  "Imaged  path". 

The  Brownian  motion  has  the  mathematical  property  of  Independent 
Increments.  That  Is,  the  distribution  of  Increments  occurring  after  a 
time  t is  independent  of  the  same  path  before  t.  Thus  the  relative 
probability  measure  of  the  imaged  path  ABC'DP'  is  the  same  as  that  of 
the  absorbed  path  ABCDP.  It  then  follows  that  there  is  a one-to-one 
correspondence  between  the  theoretical  sample  paths  ending  at  P (within 
the  field  of  motion)  and  those  ending  at  P'  (at  the  image  positions). 

Hence  the  density  of  the  absorbed  paths  normally  terminating  at  P is 
equal  to  the  unabsorbed  density  of  paths  terminating  at  image  positions 
P'.  That  is 

Prob  (Cross  zero,  terminate  at  depth  z,  z + dz) 

= prob  (cross  zero,  terminate  at  position 

z,  z + dz  above  the  barrier)  q 2 

Hence,  the  reduction  in  the  p.d.f.  in  the  field  of  motion  is 
obtained  by  removing  from  the  underlying  Gaussian  function  that  part  of  the 
probability  represented  by  sample  paths  terminating  at  the  image 
positions.  Hence, the  actual  probability  density  distribution  in  the 
presence  of  an  absorbing  barrier  is 


2 . 2 Absorption  Effect  in  the  Presence  of  a Mean  Drift 
a)  General  Approach 

In  the  presence  of  a mean  drift,  so  that  the  position  of  the  mean 
(h)  of  the  underlying  Gaussian  distribution  is  a function  of  time,  the 
reduction  in  the  probability  density  cannot  be  determined  by  simply 
considering  absorbed  and  image  paths  as  in  the  previous  section. 
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Cnnsider  now  a time  varying  underlying  Gaussian  function  given 
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where  z is  considered  positive  in  the  increasing  depth  direction. 

For  constant  upward  drift  velocity  u^  of  the  mean  of  the  dis- 
tribution we  have, 

/)  = /i  ^^3“  % ( 

The  absorption  barrier  is  at  position  x “ 0.  The  reduction  in 
the  p.d.f  is  calculated  in  this  case  also  by  considering  sample  paths 
but  accounting  properly  for  the  times  elapsed  in  particular  motions. 

Instead  of  allowing  the  barrier  to  be  stationary  and  the  mean 
position  to  move  up  to  the  barrier,  the  problem  is  transformed  to  a 
coordinate  system  in  which  the  barrier  is  moving  towards  the  mean 
position.  This  transformation  does  not  alter  the  physics  of  the  problem 
but  makes  the  mathematics  relatively  simpler. 

Consider  a sample  path  starting  at  the  position  of  the  mean.  This 
is  represented  by  the  point  A in  Figure  G.3.  At  time  t “ 0,  the 
point  A is  at  a depth  h(0)  below  the  barrier.  This  sample  path 
terminates  at  point  P which  is  at  location  z below  the  barrier.  The 
time  taken  for  a particle  travel  between  A and  P is  t.  As  the  particle 
is  moving  upward,  the  barrier  is  also  moving  down  (in  the  sense  of  the 
coordinate  transformation  discussed  above)  and  the  particle  path 
intersects  the  barrier  at  point  B at  time, say,  s.  In  the  absence  of  the 
barrier  the  particle  path  would  then  be  BCDP,  terminating  at  P. 

As  in  the  previous  section,  we  calculate  the  probability  absorption 
by  calculating  the  probability  of  the  image  path.  However,  in  this 
case  the  image  path  is  BC'DP'  where  P'  is  the  image  of  P in  the  line 
BG.  (Note  B is  the  position  of  the  barrier  at  the  time  s of  "impact" 
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T?lgure  C.3:  Ijcheraatic  diagram  showing  the  particle  paths  used  In  the 
evaluation  of  the  effect  of  absorption  barrier  when  there 
Is  a mean  drift  of  particles. 
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of  the  sample  path  with  the  barrier) . Therefore  the  probability  of 
absorption  is  the  combined  probability  of  reaching  the  barrier  at  time 
s and  then  terminating  at  position  P'  [whose  distance  from  the  barrier 
at  time  t Is  z + 2 (h(s)-h(t))  as  can  be  seen  from  Figure  G.3]. 

Since  s Is  any  arbitrary  time,  all  possible  values  of  s between  zero 
and  t have  to  be  considered. 


Hence  the  decrease  In  the  probability  is  given  by  the  product 
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T 


Probability  of  path  inter-  Probability  reaching  z at 

sectlng  the  barrier  at  time  s.  time  t,  after  intersecting 

Che  barrier  at  time  s. 

Therefore  the  reduction  In  the  underlying  probability  density  dis- 
tribution (Equation  G.4)  is  given  by  Integrating  the  above  expression 
for  all  values  of  s and  dividing  by  dz. 


\ 
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Hence  the  actual  p.d.f.  can  be  calculated  from  equations  G.4  and  G.7  and  is 
given  by 

n 

r 3.  I-  \ 

G.8 


(r,t) 


The  expression  In  Equation  G.7  is  the  most  general  value  for  the 
effect  of  Che  absorption  boundary  on  Che  distribution  function  In  a 
Brownian  motion.  For  constant  drift  speed  of  the  mean,  equation  G.5 
can  be  substituted  In  the  integrand  of  equation  G.7. 
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b)  Simplified  Approach 


The  evaluation  of  the  effect  of  the  absorbing  boundary  on  the  density 
function.  In  general, Involves  the  calculation  of  the  Integral  given  In 
Equation  G.7.  In  most  problems,  with  complicated  time  dependent  turbulence 
characteristics  (i.e.,  o),  the  determination  of  the  integral  value  can 
be  achieved  only  by  numerical  means.  However,  a simple  and  approximate 
value  for  the  effective  reduction  In  the  p.d.f.  can  be  obtained  by  the 
analysis  given  below.  The  analysis  retains  all  of  the  physics  of  the 
problem,  but  by  making  judicious  simplifying  assumptions  reduces  the 
mathematics  to  solving  a quadratic  equation. 

The  principle  of  this  approach  la  based  on  the  Ideas  developed 
in  Section  G.2.2,  but  considering  the  effect  of  mean 
drift.  This  Is  accomplished  by  considering  a single  particle  path  as 
shown  in  Figure  G.A. 

Consider  the  path  ABP  where  P Is  the  position  at  a distance  2 
below  the  barrier.  The  particle  leaving  A reaches  P In  time  t after 
Intersecting  the  barrier  at  time  U-s; • 

The  total  vertical  distance  travelled  by  the  particle  In  time  t 
Is  given  by  (see  Figure  G,A)^ 

L-  H-  %(  f'-s)  f V + =•? 

where  t ” t - tjjjj  G.IO 


t . ■ time  at  which  the  depth  of  the  mean  of  the  density 

distribution  Is  a maximum  (this  is  obtained  by  the 
methods  Illustrated  In  Section  A. 3.6  and  Appendix 
F). 

..  . , _ distance  travelled  _ L 

Hence  the  average  speed  ■ ■ — 7“ 


G.ll 


*It  Is  to  be  noted  that  this  Intersection  time  Is  termed  (t-s)  Instead  of 
8 as  was  used  In  the  previous  case.  This  slightly  confusing  change  Is 
made  for  mathematical  convenience. 
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Assuming  that  the  average  speed  of  the  particle  is  the  same 
before  and  after  encounter  with  the  barrier  we  have 

i_  _ H-  -Wt-Cf-s; 


(?-s; 


Substituting  for  L from  equation  G,9  in  G.12  we  get  after 


simplification 


- Ul 


l.e, , 


= o 


Solving  this  quadratic  for  s we  have 


- J.  - 


L ^ 1/  ^ 


where  the  positive  sign  is  taken  In  front  of  the  square  root  to 
conform  to  the  condition  that  at  t " 0,  s “ 0- 

Therefore  the  reduction  In  the  underlying  probability  function 
Is  determined  by  calculating  the  probability  of  the  presence  Image 
path  ABP'  in  the  absence  of  the  barrier.  That  Is  , 

= e>ff- 

rtf')  ^ <r  {t)  J 


G-ll 


where  s is  given  by  equation  3.15. 

It  is  noted  that  the  value  of  Af  in  equation  G.17  changes  with  z 
not  only  due  to  the  appearance  of  z in  the  exponent  but  because  of  the 
dependence  of  s on  z.  Also  the  value  H should  be  interpreted  as  the 
maximum  depth  of  penetration  of  the  particles  in  the  sense  of  the 
analyses  presented  in  Section  4.3.6  and  in  Ap^^endlx  F. 

The  actual  density  function  is,  therefore,  given  by  equation  g. 8 
where  for  Af  the  expression  in  equation  G.17  is  used. 
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